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PART  THREE  -SOLUTION  OF  P  K  ;Q  B  L  EM  S  0  F 
INTERNAL  B  A  L  L  IS  T  T  C  S  IN  COMPLICATED 

CASES 

SECTION  ELEVEN  -  COMPLICATED  CASES 
CHAPTER  1  -  SOLUTION  FOR  CASE  OF  COMBINED  CHARGES 

1.  GENERAL  INFORMATION . 

In  practice,  use  is  made  in  nany  cases  of  charges  consisting 
of  a  mixture  of  tvo  samples  of  powders,  one  being  usually  thinner 
and  the  other  thicker;  in  this  connection,  the  powders  nay  differ 
in  the  shape  of  their  grain  -  being  degressive  or  progressive  - 
and  in  their  nature  —  having  different  propellant  forces  f  and  rates 
of  burning  uj.. 

Such  composite  or  conbined  charges  aro  employed  principally 
in  firing  from  howitzers  to  obtain  different  projectile  velocities 
depending  upon  coabat  conditions,  for  the  purpose  of  destroying 

targets  at  all  ranges  under  a  definite  sufficiently  large  angle 

-  \ 

of  fall. 

Furthermore,  combined  charges  r.re  employed  on  the  firing 
ground  in  testing ' artillery  and  ammunition  equipment  whenever  it 
is  necessary  to  select  a  combination  of  maximum  gas  pressure  pM 
and  projectile  velocity  vD  which,  it  is  impossible  to  sobtain  with 
a  charge  composed  of  a  single  type  of  powder.  For  example,  let  it 
be  assumed  that  "regulation"  values  for  pB  and  vD  have  been  obtained 
with  a  definite  charge  of  a  given  type  of  powder,  but  that  it  is  < 
necessary  to  test  the  barrel  or  ammunition  at  a  10-15%  higher 
pressure  pM  and  at  the  sr.me  velocity  vD,  or  else  that  it  is 
necessary  at  the  regulation  pressure  pB  to  obtain  a  bigbej*  pro- 


jectile  velocity  vD  for  the  purpose  of  testing  the  action  of  the^ 
gun  carriage  at  a  higher  recoil  velocity.  In  this  case,  the  pro* 
bleo  can  be  solved  by  the  use  of  a  combined  charge,  by  replacing 
a  part  of  the  regulation  charge  either  with  a  thinner  powder  while 
reducing  the  total  weight  of  the  charge  or  with  a  thicker  powder 
while  Increasing  the  total  weight , 

As  a  rule,  on  the  basis  of  the  tactical  and  technical  require¬ 
ments,  there  are  predetermined  a  maximum  initial  velocity  v^  for 
the  full  charge  (designated  as  No.  0)  and  a  corresponding  velocity 
vDn  for  the  minimum  charge  (charge  No.  n)  . 

The  ballistic  computation  of  the  barrel  for  the  full  charge 
at  predetermined  d,  q,  and  v^  is  performed  in  the  usual  manner, 
with  certain  modifications  which  take  into  account  the  burning 
characteristics  of  the  powder  under  declining  pressures  as  the 
charge  weights  are  reduced.  The  number  of  velocities  and  the 
number  of  charges  are  designated  on  the  basis  of  the  firing  con¬ 
ditions,  depending  upon  the  predetermined  angles  of  fall  of  the 
projectile  and  the  values  set  for  the  overlapping  of  ranges;  The 
number  n  is  set  at  5-10  and  even  higher. 

The  maximum  pressure  for  the  full  charge  (No.  0)  pa0  is 
designated  in  the  usual  manner  on  the  basis  of  the  quantity  ; 
the  maximum  pressure  for  the  minimum  charge  pan  is  determined 
from  the  cocking  conditions  of  the  firing  device  (pBa > 500-700 
kg/cm2) . 

The  corresponding  loading  densities  are  found  to  be  in  the 
ranges  of  Aq  •  0.40-0.60,  AQ  •  0.10-0.15.  After  a  scale  of 
initial  velocities  v^,  vDl,  vd2,  ...  vDq  has  been  arrived  at 
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on  the  basis  of  the  solution  of  the  problem  of  exterior  ballistics 
with  proper  consideration  of  the  overlapping  ranges  with  adjacent 
charges  internal  ballistics  must  give  the  magnitudes  of  the 
charges  necessary  to  ensure  attainment  of  the  predetermined  scale 
of  velocities  and  the  weight  ratios  of  the  thin  and  thick  powders 
composing  each  of  these  charges,  under  the  condition  that  the 
pressures  pK^  do  not  exceed  the  limits  imposed  upon  them. 

In  order  to  solve  this  problem,  it  is  necessary,  first  to 
give  the  procedure  for  solving  the  problem  of  pyrodynamics  in  the 
case  of  a  combined  charge. 

This  subject  is  left  completely  untouched  in  the  treatises 
and  textbooks  of  foreign  authors,  but  has  been  elaborated  in  detail 
by  many  of  pur  own  authors  £"1,  2,  4-6 j  * 

2.  CHARACTERISTICS  OP  COMBINED  CHARGE. 

Let  a  charge  consist  of  of  thin  powder  and  <*>,£  of 
thick  powder:  u>-  «'  +u>".  The  relative  weight  of  each  powder 
will  be  designated  as  follows: 


1 

H 

u 

U> 

—  m 

a,f  # 

-  a"; 

9 

u> 

a  ’  +  a" 

-  1, 

a 

o 

1 

H 

• 

Let  it  be  assumed  that  these  powders  possess  the  following 
characteristics: 
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The  propellant  force  of  the  powder  in  the  composite  charge 
is,  in  the  first  approximation,  computed  in  accordance  with  the 
usual  mixing  formula: 

t  «  a’f  ’  ♦  aMf".  (1) 

In  solving  the  problem  in  greater  detail,  it  is  necessary 
to  take  into  consideration  the  magnitude  of  f  for  each  instant 
as  a  function  of  the  composition  of  the  gases  formed  prior  to 
that  instant: 

f  ■  a’f  V  +  a»fy .  (1*) 

Since,  as  a  rule,  in  the  case  of  combined  charges,  use  is 
made  of  pyroxylin  powders ,  whose  propellant  forces  f’  and  f"  are 
close  to  each  other,  formula  (1)  can  be  employed  with  a  sufficient 
degree  of  precision.  During  the  burning  of  a  mixture  of  powders 
under  pressure  conditions  common  to  both  of  them,  we  shall  have: 

de'  -  ujpdt;  de”  -  u’^pdt. 

Since,  under  the  common  pressure  conditions  p  -  f(t),  the 
t 

quantity  |  pdt  will  have  one  and  the  same  value  for  both  powders 
0 


F-TS-7327-RE 


883 


the  integration  of  these  expressions  will  give  the  following 
equations: 


f 


pdt . 


where  e*  is  one>half  of  the  thickness  of  the  layer  of  thin  powder 

burnt  prior  to  a  given  instant,  and  e"  is  the  sane  for  the  thick 

powder.  ^ 

Since  the  quantity  1  -  |  pdt  is  common  to  both  powders, 

0 

it  is  precisely  this  quantity  that  is  most  conveniently  taken 
as  the  independent  variable  in  solving  problems  of  internal 
ballistics  for  a  composite  charge.  This  gives  a  general  solution 
both  for  the  geometric  law  of  burning  and  for  the  physical  lav 
of  burning. 

Prior  to  a  certain  instant,  let  there  be  burned  a  fraction 

of  the  thin  powder  and  a  fraction  of  the  thick  powder.  In 

weight  units,  there  will  burn  of  the  former  type  and 

kg 

of  the  latter  type;  the  sum  of  these  weights, 
will  constitute  a  certain  fraction  ^ of  the  total  weight  of  the 
mixture  u»: 


u*  4»*  + 
u 


(2) 


The  problem  involved  in  determining  the  characteristics  of 
the  combined  charge  consists  in  establishing  the  form  coefficients, 
r,  and  Ig  for  the  mixture  on  the  basis  of  the  known  form  coefficients, 
P,  and  Ig  for  each  of  the  two  types  of  powders  of  which  the  mixture 
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*  'si-  «*t  •■' 


is  composed. 

Let  us  introduce  into  the  general  expression  for^: 

^  -  tf  Z  4KXz2 

t.  y 

the  new  independent  variable  I  -  £  pdt  to  replace  z.  Upon  designating 

0 


—  •  z;  ■  I  and  —  -  J1, 


there  is  obtained: 


-  I  ♦  —  ~  I2  -  Cl  ♦  CHI2. 


*C  1* 


Application  of  this  formula  to  each  of  the  components  of  the 


charge  g  iv^s: 


-  C*I  +  C’il'l2;  V 

-  C"I  ♦  C"JTI2, 


(3‘) 


where: 


X'  X'  X"  X” 

C  -  -r  ;  JT  -  rr  ;  C"  -  pr  ;  JT'  -  ~ 

*C  XC  XC  I 


Upon  now  substituting  expressions  (3),  (3'),  and  (3")  into 


(2),  we  have: 


Cl  4  CHI2  -  a’(K’I  ♦  C'JTI2)  ♦  a"(C”I  +  K"«n"I2) 


By  equating  in  this  identity  the  coefficients  of  the  same 
powers  of  I,  we  obtain  the  following  expressions  for  the 
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characteristics  X,  Kfl,  and  Jl  : 


X  -  a'x*  +  o"K" ; 

K Jl  -  a’X’jT  +  a"X’*jr; 


(4) 

(5) 


Consequently ,  the  quantities  f ,  X,  and  IJl  for  the  combined 
charge  are  obtained  from  the  corresponding  characteristics  of  the 
Individual  components  in  accordance  vith  the  ordinary  rule  of 
mixtures . 

By  differentiating  equation.  (2)  vith  respect  to  I ,  and 
keeping  in  mind  that  dl  -  pdt,  ve  obtain: 

4*  -  a-  4*‘  +  a"  IS” 
dl  dl  dl 


but : 


d*  _  dq>  _  p 
dl  pdt 

Consequently: 

T-  aT*  -►  o'T"  •  (6) 

In  the  coordinate  axesvy-I,  the  quantity  T  is  the  tangent 
of  the  slope  of  the  ^*-1  curve  vith  respect  to  the  I  axis.  Let 
us  designate  it  as  Then: 

tan  y"  o'  tan  +  a"  tan  a”.  (6*) 
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<Sk 


Formula  (6)  is  applicable  both  to  the  geometric  and  to  the 

physical  law  of  burning.  In  the  former  case,  we  shall  have: 

/ 


r 


r 


i" 

K 


It 

and  for  the  mixture: 

/ 

r« 


a* 


—  ©  •  +  a" 

*1 


(7) 


For  the  start  of  burning,  ©'  •  ©"  -  0  -  1.  For  powders  with 
the  same  grain  shape,  X '  •  X".  Thus,  equation  (7)  will  assume 
the  following  form: 


This  equation  connects  two  unknown  quantities  X  and  1^  for 
the  mixture  with  the  corresponding  quantities  for  the  components. 

One  of  these  -  X  -  may  be  assigned  arbitrarily:  X-  X'  -X"; 
then,  by  cancelling  out,  we  obtain  a  correlation  expressing  the 
nominal  average  impulse  of  the  mixture  of  two  powders  in  the 
following  form: 


f  rom  which : 


I  »  T  *. 


a ' I "  +  Ct"I ' 

K  K 
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or : 


i  -  — 

l  n  * 


a'  +  a"z' 


a ' 


(8) 


r  — -  +  a” 
&  z  * 

I 


*i  (*) 

where  z'  •>  — <1  is  the  relative  impulse  of  the  thin  powder 

I  I”  - 

Since  a*  ♦  a*'  -  1,  it  follows  that: 


Equation  (8)  shows  that,  in  finding  the  nominal  impulse  of  the 
mixture  Ig  by  the  rule  of  mixtures,  what  is  added  together  are  hot 

I’  and  I",  but  the  reciprocal  quantities  1/1'  and  l/I" . 

m  I  I 

As  has  been  shown  by  investigations,  the  formula: 


I  •  a*I '  +  aHl"  , 


(9) 


employed  at  one  time  gives  values  that  are  too  high  in  comparison 
with  Ig  as  computed  in  accordance  with  formula  (8). 

In  using  formula  (9)  for  the  computation,  the  quantity  a* 
is  obtained  larger,  which,  in  firing,  may  lead  to  too  high  a 
pressure  in  comparison  with  that  required. 


(*)  Zg  -  y^  (according  to  Drozdov),  and  z£  -  ^  (according  to  Grave) 
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3.  GRAPHICAL  REPRESENTATION  OK  CORRELATION  -I . 

The  progressive  burning  characteristic  T  depicted  in  *4*-! 
coordinates  represents  a  tangent  of  angle  y  forced  by  the  slope 
of  curve  \41-I  and  the  1-axis.  For  powders  whose  burning  surface 
area  is  constant,  tan  y  -  1/T  *  const. 

In  the  case- of  combined  charges: 

<4>  m  +  Q"4"  J 

T-  oT'  ♦  a’T” 


or: 


tan  y  -  a'  tan  y*  +0”  tan  y", 

where  r,  and  tan  y  are  expressed  as  functions  of  I 
Since: 


tan  Y'  -  — -  ,  tan  v"  -  -i- 

4  li  1  I" 


and  tan 


IT' 


we  obtain  equation  (8) : 


JL_ 

If 


t 


where  1^  is  subject  to  graphical  determination . 

On  the  basis  of  the  formulas  presented  above,  there  is 
obtained  a  simple  graphical  construction  of  the  law  of  variation 
of  and  T  as  functions  of  1,  both  during  the  burning  of  the 
mixture  and  during  the  completion  of  the  burning  of  the  remaining 
thicker  powder  after  the  burning  of  the  thinner  powder  is  complet 
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for  simplicity*  there  is  presented  in  the  diagram  the  solution 
for  powders  with  a  constant  burning  area,  it  being  assumed  that 
a'  -  0.4  and  a*'  •  0.6. 


Fif.  168  -  Scheme  of  Burning  of  Combined  Charge. 

1)  completion  of  burning  of  thick  powder; 

2)  mixture. 


In  fig.  168,  the  straight  line  1  expresses  the  law  of 
wariation  ^'-I  for  a  thin  powder  with  the  inpulse  l£,  while 
the  straight  line  2  expresses  the  law  of  variation  of^"-l  for 
a  thick  powder  (Ij^). 

In  this  connection: 


« 

To  construct  the  law  of  variation  of  for  a  mixture  of 
powders,  the  diagram  is  divided  along  its  height  into  two  parts  - 
a  lower  part  a'  (00')  and  an  upper  part  a”  (0'0M): 

-  a*  +  a*'  •  1. 
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graphic  not  reproducible  • 


From  the  point  O'  at  the  height  a',  there  is  drawjj  the 
straight  line  O'B',  which  is  parallel  to  the  abscissa. 

Along  the  ordinate  aA,  which  corresponds  to  the  impulse 
I',  the  segment  aA '  -  a';  the  straight  line  OA’  gives  the  values 

A 

of  a'^'  (the  values  of  the  ordinates  of  the  straight  line  OA 
multiplied  by  a').  In  the  upper  part  Of  the  diagram,  there  is 
drawn  from  the  point  O'  the  straight  line  O'B;  its  ordinates, 
measured  from  the  line  O'B',  give  the  values  of  the  second  component 

In  accordance  with  the  formula  -  a  '\y'  +  a"^",  there 
are  added  together  the  corresponding  ordinates  of  the  straight 
lines  OA'  and  O'B;  there  is  obtained  the  resultant  line  OC, 
which  expresses  the  law  of  variation  of  |  as  a  function  of  I 
for  the  combined  charge  as  long  as  the  two  powders  burn  together. 

From  the  similar  triangles  OCa  and  ODd  on  the  one  hand 
and  O'CA'  and  OBB’  on  the  other  hand,  we  obtain: 


but : 


since: 


aC 

Oa 


aC  _  aA'  +  A'C 

Oa  Oa 


A'C  _  A'C  B'B 
Oa  0 'A '  "  O'B*  *  Ij£ 
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,  Consequently,,  we  obtain  formula  (8)  by  graphical  means: 


/ 


tan  Y 


_1_ 

ik 


(8) 


Toward  the  end  of  burning  of  the  thin  powder  (I1),,  there 


will  have 


burned 


the  following  part  of  the  total  charge: 


/ 

/ 


I* 

K 


ty*.  -  aA*  >  A’C  -  aA*  ♦  BB'  —  -  a* 

*  1  JM 


♦  a’ 


!• 

_K 

I” 

K 


•fe 


a*  oH 
♦  — 
i  •  t  it 

*1 


x:  -  -  * 

*  xi 


from  which  -  1/1^;  in  the  diagram,  this  is  represented  by 


the  ratio: 


aC  Dd 


°a  IK  lt 


Consequently,  the  nominal  impulse  of  the  mixture  1^  will 
be  obtained  by  continuing  the  line  OC  until  lt  Intersects  the 
straight  line  v|>  -  1;  the  corresponding  abscissa  Qd  gives  the 
Impulse  1^  for  the  mixture. 

A  bre„Jc  occurs  at  the  point  C  along  the  line^/-I,  and 
thenceforth  the  law  of  completion  of  burning  of  the  thick 
powder  and  of  the.  variation  of  is  expressed  by  the  line  CB 
and  by  the  equation: 

■  d*  +  a"^>"  . 
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GRAPHIC  NOT  REPRODUCIBLE 


fig.  169  -  Variation  of  Intensive  Gas  Formation  from  Combined  Charge. 

1)  T  of  mixture. 


Figure  169  shows  the  construction  of  the P -I  diagram  for 
the  mixture  of  the  same  powders  with  a  constant  burning  area. 

P'  is  characterized  by  the  ordinates  of  the  straight*  line 
O’A';  T"  is  characterized  by  the  straight  line  in  this 

connection  j  Tdl  -  1  must  be  fulfilled  as  an  identity,  and 
0 


since,  lathe  case  under  consideration,  T  -  const,  there  will 
prevail  for  each  powder  separately  p’l^  -  1  and  r"I^  -  1. 

In  conformity  with  the  formula: 


r»  a '  P?  +  a'f ' 


<6) 


we  first  multiply  the  ordinates  P"  by  o'*,  obtaining  the  straight 

i 

line  bb'b"  (a'T”) »  to  its  ordinates,  for  the  abscissas  from  zero 

to  I',  we  add  the  quantities  ba  -  b'a'  (a’p').  The  ordinates 

X 

of  the  line  aa'  give  the  characteristic  P  for  the  combined  charge: 

\ 

P.  a  *p»  +  a"f"  •  \ 
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►  i  ,i3?' 


In  the  instant  of  complete  burning  of  the  thin  powder 
with  the  impulse  1^,  the  characteristic  T  changes  suddenly 
(from  s'  to  b’)t  thereupon  assuming  the  fora  of  the  straight 
line  b'b"  (a"P’),  which  expresses  the  intensity  of  gas  formation 
in  the  process  of  completion  of  burning  of  the  thicker  powder 
with  the  impulse  I”  alone. 

.  It  is  not  difficult  to  show  that  the  shaded  area,  which 
expresses  the  intensity  of  burning  of  the  combined  charge,  equals 
unity,  just  as  in  the  case  of  single  charges. 

As  a  matter  of  fact: 

(This  formula  is  illegible  on  the  original  photostat.  Editor.) 

since  nr  -  r"r  -  i. 

K  K 

How,  knowing  the  correlations  T -I  and'f-I,  it  is  possible 
to  establish  the  diagram  for  the  correlation  T and  to  apply 
the  resulting  data  on  T,  and  I  for  the  combined  charge  to 
the  solution  of  the  problem  of  internal  ballistics. 

In  solving  the  problem  for  the  case  of  the  geometric  law 
of  burning,  it  is  necessary  to  know  the  form  characteristics 
K  and  KJ1  in  accordance  with  formulas  (4)  and  (5)  and  to  apply 
them  in  the  same  manner  as  in  solving  the  problem  for  a  charge 
consisting  of  a  single  type  of  powder  until  the  thin  powder 
and  the  corresponding  part  of  the  thick  powder  have  burned. 

Following  this,  the  law  of  gas  formation  changes,  the 
intensity  of  gas  formation  diminishes,  and,  in  solving  the  problem 
of  pyrodynamics,  it  becomes  necessary  to  take  into  account  the 
change  in  the  initial conditions  for  this  phase  of  burning  of 
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■i 

3 

3, 


the  composite  charge. 

A  detailed  theoretical  solution  of  this  problem  is 
given  in  the  theoretical  part  on  pyrodynamics . 

In  the  case  of  the  geometric  law  of^burning,  the  dependence 
of  ^  for  the  mixture  is  usually  expressed  in  terms  of  z"  -  the 
relative  thickness  of  the  thicker  powder.  For  powders  with  the. 
fora  characteristics  of  the  grain  >t',  X'  and  x",  X”,  we  have: 

*  gt'j"  + 

where: 


e*  I*  e"  I” 

z  *  -  —  »  —  ;  z"  -  —  -  — 

e*  i»  e”  I" 

1  I  1  i 


Inasmuch  as,  for  both  powders,  in  a  given  instant,  I'  -  I"  -  I 
and  l£<I£,  it  follows  that  z’>z".  • 

Substituting  the  quantities  z’  and  z"  into  the  formulas 
for  v^'  and  v^*',  we  obtain: 

f  -  *_  I  +  ft-  A  jZ.  •  tL.  I  +  *_  I2, 

JK  IK  Ig  I£ 

By  expressing  the  dependence  of  in  terms  of  z",  multiplying 

* 

and  dividing  by  I",  and  designating  I  VI"  ■  te  obtain: 

K  g  1C  K 

+• .  si  ±  + *:  *  jl  .  *:  +  si  x. ,» 

*  * '  I"  •  i  z '  ! "  »'  _ i  _ i  * 

I  K  rlC.  K  K  ZK  lg  zg 


but : 
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i- 


V 


Representation  of  ^  as  a  function  of  z"  gives: 


^  M  y  Zf*  f  y(  2^**  a  Cl  f  2<*  ^  ^  2*'»  (jM|(f,2H  ^ 


■CM  CM 


a’^^X”  z' 


z’  z 
1  K 


Ve  equate  the  coefficients  of  the  same  powers  of  z" : 


*  a* 


“«  *«  r; +  °'v";  *cuxc»  *K,X'  + 

*■* 


Thus,  there  has  been  obtained  an  expression  for  fixture 
in  the  usual  fora,  as  a  function  of  z"  -  the  relative  thickness 
of  the  burnt  layer  of  the  thicker  powder. 

Since  the  quantity  is  computed  with  the  aid  of  the  usual 
formula: 


to  - 


1  1 
A  5 


*i  1 

—  +  a - 

P„  * 


where  f^  •  a’f'  ♦  a"f"  is  the  propellant  force  of  the  powder  in 
the  combined  charge,  it  follows  that: 


2+o 


*0 


*CMU  ♦  ®0>‘ 


*c“  -(iH  ’ 
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since  6-^1. 


\ 


1 


* 


Since  z£<l,  it  follows  that: 


•f  a*'  > 


a  * 


+  a" 


1 


and  Zq  is  smaller  than  Zq  for  a  single  charge  at  the  same  value 

ol*Q. 

r 

j  The  formulas  derived  above  apply  as  long  as  both  powders 
are  burning,  l.e.,  until  the  instant  when: 


z'  -  1  and  nJ'*  -  1. 


In  that  instant: 


a*  ♦  a’ 


'4'" 

MC’ 


9 


* 


l 

t 

\ 

t 


. 


« 


S' 

t 


where  •  xz^  +  *Xz^  is  the  part  of  the  charge  of  thick  powder 

which  has  burned  by  the  time  the  burning  of  the  thin  powder  is 
complete. 

4.  ANALYTICAL  SOLUTION  OF  PROBLEM 
(Written  by  Professor  G.  V.  Oppokov) . 

We  shall  here  consider  in  detail  only  the  simplest  case,  when 
the  charge  consists  of  powders  of  two  types,  both  of  which  are 
degressive  in  form  and  possess  the  same  physico-chemical  nature. 

It  is  already  known  that  the  total  interval  of  burning  of  the  charge 
must  in  this  case  be  divided  into  two  phases ;  by  the  end  of  the 
first  phase,  all  of  the  thin  powder  and  a  part  of  the  thick  powder 
have  burned,  and  the  burning  of  the  thick  powder  is  completed  in 
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the  course  of  the  second  phase. 

For  the  first  phase.,  in  the  presence  of  a  binomial  relation 
for  the  law  of  gas  formation,  we  have: 

»Y  -  Xz"  +  xAz"2. 

Consequently,  the  formulas  for  the  single  charge  retain  their 
significance,  as  long  as  the  following  particulars  are  observed. 

1)  The  form  characteristics  x  and  XX  are  determined  with 
the  aid  of  the  following  formulas: 


t 


x-  —  a*  +  X"a"  and  xX  -  ?L2l  a'  +  x"X"a", 

Z  '  o 

K  -  *z 


where: 


f 

t 

3 

* 


i 


z' 

K 


I* 

JC 

I” 


o'  - 


u> 


u> 


a”  - 


w 

CJ 


2)  The  quantities  zQ  and  1^  must  be  replaced  by  zjj  and  I” 
for  the  thick  powder,  where: 


,H  .  HO  . 

*0  X 


• '  +  °j 


3)  The  argument: 


* 

< 

t 


•  z”  -  z" ;  x  •  z,f — -  z*#  ■»  z #  -  z" 
O’  I1  K  *  0  g  0 
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4)  At  the  end  of  the  first  phase ,  we  shall  have: 


•i 


Z"  -  =.  ;  x 

%r  t  9 


m  2n  —  2»*  j  y  f  B  v  X 

K'  0  K  K,0  k’’ 


where : 


si: 


K,0 


<P* 


In  the  second  phase,  the  differential  equation: 


d{  BxU^,  +  I  ) 
dx 


.  B0  2 

4*  -  —  x 
T  2 


(10) 


is  retained,  as  is  the  formula  for  the  velocity  of  the  projectile 


T  "  VK,0X; 


and  the  law  of  gas  formation  has  the  following  form: 


t-  —  +  —  K"z”(l  +  X"z")  . 

w  u> 


By  substituting  here  the  quantity: 


zn  ■  zjj  -f  x 


and  designating: 


to  2  -  —  +  zk  +  f—  * 

W  l  j  tr  \\U>  y  0  ’ 


ki.2  -  +  2  *5  - 
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X"(l  +  2X,,z,,)  -  ~  K "©’’, 
0^0 


we  shall  obtain  for  the  second  phase: 


'V- tn. 2  +  k- 


1,2* 


Thus,  the  law  of  gas  formation  has  a  form  analogous  to  the 
form  of  the  law  of  gas  formation  for  the  first  phase: 

'V-  vfyj  +  kAx  +  #Xx2. 


It  follows  from  this  that,  for  the  second  phase,  instead  of 
B  and  C,  use  must  be  made  of  the  quantities  B2  and  C2,  where: 


B0  f .  \  b2 


and  then  the  tabular  parameters  will  be: 


P  -  c2x;  y-  — 


C2^0,2 


Furthermore,  in  integrating  the'  equation: 


Bx(t+  +  t ) 


dX  ^0,2  +  kl,2X  “  B2x2 

it  must  be  taken  into  consideration  that,  at  the  start  of  the 
second  phase,  the  path  t  is  equal  to  the  path  lr  ,  of  the  projectile 
at  the  end  of  the  first  phase,  and  the  initial  value  of  P  equals: 


^0,2  "  ^2xg,i * 
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Consequently,  approximate  integration  of  equation  (11) 
gives : 


In 


L  + ! 

Tav » 

+  ^k,1 

Tav .  . 


0 


Bxdx 


*0,2  +  kl,2*  '  B2x' 


B 2 


0 


0,2 


3d3 


]f  +  0  -  0 

(12) 


2  * 


where,  as  in  the  first  phase: 


U  "  l&  ‘  a*av.' 


1  av . 


but,  in  contrast  with  that  phase: 


*Vav , 


.Vi-11 


in  which  connection  ,  the  relative  fraction  of  the  burnt 

tK,1 

part  of  the  total  charge,  is  equal  at  the  start  of  the  second 


phase  to: 


«•  X  z"  .  +X\z"  ^  “  'Vo  +  *iX|f  l  +  *^x5 

1  JypJL  v  A  &  |  i  i 


In  determining  the  integral  of  the  right-hand  side  of 
equation  (11),  it  is  possible  to  make  use  of  the  same  table 


for  log  Z“  ,  while  keeping  in  mind,  however,  that: 


0 


log  e 


f  0d3 

/  0  -  0' 


-  log  e 


0 


0 

r  0d3 
J  Y+  0  • 


00,2 


X  +  0  -  0' 


-  log  e 


0d9 


Y  +  0  -  04 


0,2 


-1. 


-  log(Z  *ZQ  2‘), 
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Consequently,  approximate  integration  of  equation  (11) 


gives 


In 


+  ‘ 


Bxdx 


4  +  4,1  {  *0,2  +  kl,2* 

Tav.  ■  *r  ! 

I 


-  B2xi 


b 

b2 


*  & 

f  -  3^3 

«  J  1+  ?  -  » 


& 


0,2 


(12) 


2  ' 


wh#re,  as  in  the  first  phase: 


4av.  "  4  '  *^av  .* 


but.  In  contrast  with  that  phase: 


+«.  ■J~ T-- 


in  which  connection^  ,  the  relative  fraction  of  the  burnt 

V1 

part  of  the  total  charge,  is  equal  at  the  start  of  the  second 


phase  to: 


4>  ,  -  *z!!  ^  -  4*  +  k.x  .  +  *Xx^  .  • 

^  ^  X 1 1  w  X  a. p  X  K |  X 


In  determining  the  integral  of  the  right-hand  side  of 
equation  (11),  it  is  possible  to  make  use  of  the  same  table 
for  log  Z“*,  while  keeping  in  wind,  however,  that: 


2 


log  e 


f  gd3 

)  "Y+  3  - 

S0,2 


-  log  e 


3  -  3' 


3 

f  3d3 
J  |+  3  -_3; 


e0,2 

-  log  e  l  - 

J  X  + 


3d3 


y  +  3  ~  3' 


-1, 


-  log(Z_AZ0  2), 
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where  : 


log  Z~*  -  log  e 


!  TT 


r + *  -  b 


-  i  log  Z->2  ,  log  .0  f  — 

6  *  + 


£d3 

y  +  &  -  £2 


Thus : 


In  “ 


+  l 


to,  +  liji 

*av. 


«  In  (Z 


-e/b2  b/b2 


ZQ,2  ‘)'' 


from  which  there  is  finally  obtained  the  desired  general  relation 
for  the  path  of  the  projectile  in  the  second  phase: 


B/B2  -B/B, 


tm(L  +  Vi)z°»2'z 


^av . 


Therefore,  in  comparison  with  the  first  phase,  the  coefficient 
applied  to  Z“®/Bl  is  replaced  by  the  following  product: 


B/B2 

<!+a„  +  ’ 


where  Z  is  a  constant  quantity  for  ill  points  in  the  second 

0,2 

phase,  which  is  determined  from  the  table  for  log  Z"1  on  the  basis  of 
data  for  ^  <*nd  2’  "  ' 

Note ;  At  y>0.2,  it  is  possible  to  make  use  of  the  following 
formula : 


1  1  1  *  (VTT<x+  1) 

108  z  •  2  loc - a - 7= - 

1  -  |--<vi  +  n- 1) 


1  B 

-  log  l  +  E  (l  -  &)  . 
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Example  1.  To  find  the  principal  ballistic  elements  for 
the  1909  model,  152-mm  field  howitzer  with  a  full  charge  composed 
of  thin  r g  powder  and  thick  P  powder  under  the  following  conditions 

"  D 


f  - 

925,000 

;  a  -  6.98; 

5  -  1.6;  8  -  0.18;  ui  -  7.1 

J  - 

0.6015; 

0.675  •  14 

•  100  (mm)  ; 

w". 

1.228; 

1.055  •  20  • 

100  (mar)  ; 

s  - 

1.868; 

WQ  -  4.04; 

tD  -  14.58; 

<1  “ 

40.95; 

<P »  1.06  4-  — 
1  3 

—  ;  p.  -  30,000;  g  ••  98.1. 

q  .  0 

Solution.  The  computations  are  broken  up  into  separate  stages. 


Ic.  Preliminary  Period. 

1)  X'  •  1  +  a'  +  ?'  •  J  «'P'  ■  1.0548;  *»X’  -  -0.0548; 

4 C 


2)  k"  »  1  +  a"  +  -  -  a”£"  -  1.063;  xMX"  -  -0.0630; 

2 


3) 


u 


u »  »  +  i< 

W  TW 


•  0  .-3287 ; 


4)  — -  -  0.6713; 

u> 

2e ' 

5)  z|)  i  *  -  -  0.6398; 

2e" 


t  ijt  •« 

6)  X  • - - —  +  —  K  "  -  0.5419  +  0.7136  -  1.2555; 

<*>  -  *  w 

ZK,1 


7)  xX-  —  +  —  *"*•  - 

U)  „ll2  u* 

K,1 

1  *0  1 

81  J  -  =  —  -  i  -  1.583; . 

«2  w  S 


-0.04399  -  0.04229  -  -0.08628; 
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9)  JL  -  o  -  i  -■  0.355; 


10)  +0  “  It  :  (—+—)-  0.0508; 
5.,  \  p0  Sx 


11)  kx  -  \/x2  +  4*X*Q  -  1.248; 

2*0 


12)  zj 


— —  ~  0.0405;  xv  .  -  z"  . 
+  1 


-  0.5993; 


*1,2  "  1  **  zo  *  0*9595. 


Ii.  Preliminary  Computations  for  First  Phase  of  First  Period. 


1)  <f  -  1.06  +  -  -  -  1.075; 
3  q 


2)  -  0.2402; 


3)  I"  -  —  -  742.9; 


4)  v  -  i'1  •  ^  -  3092  ; 

;  K,0  K  s 


5)  -  -  0.9800; 

s 


U 


6)  f  -  -  906,300; 


7)  ^  ^  -  1.552; 

*  S2 


8)  a  -  -  jL  -  0.3478. 
»  *1 
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9)  P. 


vL  B*  t2 

otk,i  '  T  K,1 

8  4  +  *K  1 

TKfi  K,1 


1558  kg/  cm' 


V.  Ballistic  Elements  of  Shot  at  p 


We  anticipate  pa  -  1700  kg,  cm  .  In  the  first  approximation. 


we  find: 


Vi  " 


-  0.4187. 


B(1  +  8) 


-  2*X 


1)  B  -  Cx  -  0.1054; 


2>  '.,1  *  VK#0*«,1  ‘  129'S  "/Sec: 

3)^V  i  *  +n  +  k» x  ,  +  xXx2  ,  -  0. 

T«,l  T0  1  «,1  B,1 


5572; 


„  .  +.,1  +  'Vo  „ 

4)  vp  -  - 1 - -  0  . 


3045; 


5)  -  *t,v.  -  l-446: 


6)  log  Z"x  -  0.0369; 

®,1 


™»  1  “  4  Z« 

®>l  Yav. 


-B/B.  , 

Vi  -< 


-  1.423; 


8>  **«,!  "k  _at  "  1*358  dm; 
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«*"»'»HfSt**T*st***  •  S*» - — '»»••'  —  W>*'  -**i>VOt‘** 


„  .  C  .  x 


Be  2 

dr  —  —  X 

'  w  *m , 1  2  o,l 

9)  p-,i  - 1  •-  V777 

‘^m,l  m»1 


•  1689  kg,  cm2 


There  is  no  sense  in  making  further  approximations,  since, 
generally  speaking,  there  is  allowed  a  i50  kg/cm2  discrepancy  . 
between  the  initial  and  computed  pK.  In  accordance  with  literature 
data,  the  maximum  pressure  obtained  in  firing  tests  is  1650-1700 
kg/cm2. 


VI.  Preliminary  Computations  for  Second  Phase  of  First  Period. 


»>  +0,2  •  £  *5  +  (-Jr*"x")  2S2  • 


0.3576  (cf.  Nos.  6 


and  7  in  Stage  I) ; 


2)  k,  „  -  —  X "  +  2  M±-x"X"  2"  -  0.7102,. 
1,2  w  l  w  0 


VII.  Tabular  Constants  for  Second  Phase  of  First  Period. 


BO  u>"  x 

D  b2  “  T  ”  ^  x"  “  0’2704’' 


2)  —  -  9.374; 


3)  C2  -  — -  0.3807; 


C2^0,2 

4)  y  -  -*  -  0.1916; 

kl,2 


5)  3.  ,  -  C9x„  .  -  0.2281; 
0#  2 


6)  log  Z~  «  0.0364  (knowing  v  and  B  ) 

0,2  •  Uj(/ 
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7)  Z 


*2 

0,2 


VIII.  Ballistic  Elements  at  End  of  Burning  of  Powder, 


1)  2  -  C2xk2  -  0.3653; 

2)  vu  j  ■  vK  0xK  q  -  296.7  m/sec; 


3)^K,2  "^2  +  kl,2xKj2  +  J  XK,2 

^  K  2  *  ^  If 

•  -^-£ — — b±t  -  0.8838; 


-  1; 


4)  t 


5)  ~lA  '  a+av.  *  1-245  dn: 


6)  log  Z'1  -  0.0807; 

b/b2  -b/b2 

7>  '*.*  *  V.  +IK,1)Z0,2  **.2  -  l+iv  -  S-O-1  - 


8)  l*l£,2  '  lA  -  atK,2  *  1-203  d“: 

*  n  B«  x2 

fw  *»2  2  K,2  ,  2 

9)  Pr  *>  - - -  699  kg/ cm  . 

K>2  »  l  .  +  { 

‘*K,2  K,2 


The  resulting  values: 


d,  -  —  x2 
TK,2  2  XK,2 


-  1  - —  -  0.7901; 


_K 

2 

r 

nP 


L,  -  -  1.203;  log 

K,2 


u>  -  1 1  -  a.*vu,  wn  p  0  and  -log (  I  +  /  ) 

Tr  ?  1  It/*  1  K,2 


F-TS-7327-RE 


908 


will  bo  needed  for  the  next  stage. 

IX.  Ballistic  Elements  of  Shot  at  yuzzle. 
As  assigned,  -  14. 5S. 


The  tabular  muzzle  velocity  is  vD  -  335.3  m/sec. 

5.  Use  of  GAU  Tables  for  the  Case  of  Combined  Charges. 


The  GAU  Tables,  ANII  Tables,  and  tables  of  professor  Drozdov 
are  set  up  for  a  charge  consisting  of  -a  single  type  of  powder, 
which  is  characterized  by  the  strip-type  grain  shape  (K  -  1.06), 


the  strip  thickness  2 e^,  and  the  burning  rate  u ^  or  full  impulse 


The  magnitude  of  the  impulse  enters  into  the  loading  parameter 

B  »  -  ,  which  is  a  basic  quantity  in  the  tables  together  with  the 

fo<p« 


quantity  A*  The  relations  found  above  for  1^.  of  the  mixture  a~nd  for 
the  other  characteristics  make  it  possible  approximately,  but  with 
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an  accuracy  sufficient  for  practical  purposes,  to  utilize  the  GAU 
and  other  table  for  the  solution  of  problems  in  interior  ballistics 
in  the  case  of  combined  charges. 

If  the  powders  composing  the  charge  have  the  same  strip  shape, 
then,  knowing  and  I ”,  as  well  as  »->,  i^>',  indu",  the  nominal 
pressure  impulse  of  the  mixture  of  powders  1^  is  found  with  the 
aid  of  formula  (8),  substituted  iDto  the  expression  for  B,  and 
used  in  solving  the  problem  in  the  same  manner  as  in  the  case  of 
a  siugle  powder. 

If  the  powders  have  different  grain  shapes,  for  example  de¬ 
gressive  (strip  or  grain  of  the  4/1  or  7/1  type)  and  progressive 
with  seven  perforations  (7/7,  9/7,  12,7,  etc.),  then,  for  the 
degressive  powders,  X  -  1.06  is  assumed,  and,  instead  of  powders 
with  seven  perforations,  there  is  taken  the  equivalent  strip-type 
powder  with  the  following  strip  thickness: 

2ej  -  —  2e^ 

strip  ^  7  perfor. 

and  the  impulse  I£  -  o^’/u’^  is  determined  for  it. 

For  strip-type  as  well  as  for  4/1  and  7/1  powders,  the 
thickness  of  the  powder  is  not  altered,  and  is  determined  in 
the  usual  manner:  -  e|/u^. 

These  values  for  the  impulses  and  I£  are  thereupon  sub¬ 
stituted  into  formula  (8),  I  for  the  combined  charge  is  found 

A 

from  the  known  values  of  a'  and  a",  and,  this  quantity  having 
been  used  to  compute  the  parameter  B,  the  problem  is  thenceforth 
solved  in  the  usual  manner,  as  in  the  case  of  a  single  powder. 
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Thus  the  solution  applicable  to  a  combined  charge  contains 

only  one  additional  operation  for  determining  the  pulse  I,  of  the 

k 

mixture  according  to  formula  (8) . 

The  results  of  computations  on  the  basis  of  the  tables,  performed 
parallel  with  computations  by  the  analytical  methods  of  Professor 
Drozdov  and  Professor  Grave,  show  an  almost  perfect  agreement 
in  the  quantities  and  v^.  But  the  tabular  method  with  the 
use  of  the  impulse  1^  of  the  mixture  and  the  parameter  B  corresponding 
thereto  does  not  make  it  possible  to  determine  the  actual  position 
of  the  projectile  at  the  end  of  burning  of  the  entire  charge,  which 
corresponds  to  the  end  of  burning  of  the  thick  powder  with  the 
impulse  I£. 

The  quantity  for  the  mixture  is  merely  a  nominal  quantity 
suitable  to  characterize  the  rate  of  gas  formation  as  long  as 
bothpowders  are  burning  together  (as  far  as  the  point  C  in  fig.  168). 
The  actual  end  of  burning  can  be  determined  from  the  velocity  curve 
v- 1  or  v~X,  if  there  is  marked  thereon  the  ordinate  vj£  corresponding 
to  the  end  of  burning  of  the  thick  powder,  which  is  determined 
for  the  formula: 

si" 

vn  - *  (1  -  zQ),  (13) 

s  cpm  v 

where: 

1  _  1 

%  ^  ,  A  ~  S 

*0  ~  7  '  aQd  %  -  - - - 

Po  +  a  ”  s 

From  the  v-  (  diagram,  on  the  basis  of  the  quantity  v£,  we  can 
determine  the  magnitude  of  the  path  Ijj,  i.e.,  the  position  of  the 
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which  Is  i  toper  t  ant  for 


end,  of  burning  of  the  total  charge , 
establishing  the  completeness  of  burning  of  t-ft?  -powder  mdlh  a. 
given  charge. 

In  exactly-  1?ke  -.Stuae  manner.,.  with  the  aid  of  the  formula: 


it  is  possible  to  determine  from  the  v-t  diagram  trie  position- 

of  the  projectile  at  the  end.  of  burning  of  the  thin  powder  £’ * 

l 

To  determine  the  percentage  content  of  the  thin  ajhd  thick 
powders  in  the  mixture  for  a  gun  with  predetermined  design 
characteristics  (W^,  s,  A^)  at  »  predetermined  A,  the  quantity 
pm  is  used  to  establish,  the  parameter  B  from  the  GAU  Tables^ 

Issue  NO.  1,  whereupon  there  is  found  the  impulse  of  the  mixture: 


Knowing  the  impulses  and  Ij£  of  the  powders  composing 


the 


mixture  and  the  total  weight  of  the  charge  10  ■*'  it.  is 

possible  to  find  the  quantity  a'  from  formula  (81,  assuming  that 


a"  -  i  _  a  * . 


We  obtain: 


(i<  > 
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and  then: 


,  u>*  «u>a';  to”  -  (l  -  a*)co. 

In  the  treatment  of  results  of  firing  tests  from  guns,  there 

/ 

is  usually  observed  a  diminution  of  the  coefficient  of  utilization 
of  the  unit  weight  of  the  charge  ’’j^as  the  weight  of  the  charge 
<*>/q  increases,  iincej  at  large  to/q,  a  larger  fraction  of  the 
external  work  is  consumed  in  moving  the  gases  of  the  charge  and 
a  smaller  part  remains  for  the  useful  work  of  moving  the  projectile. 

In  the  treatment  of  results  of  firing  tests  from  howitzers 
with  combined  charges,  there  is  usually  observed  a  different  law 
of  variation  of  the  coefficient"*^.  In  some  howitzers,  in  the 
presence  of  the  minimum  charge,  has  its  minimum  value  and 
increases  as  the  weight  of  the  charge  increases;  in  others,  as 
the  weight  of -the  charge  increases  with  the  increase  in  the  relative 
weight  of  the  thick  powder,  the  coefficient  at  first  diminishes, 
p.asses  through  a  minimum  in  the  presence  of  one  of  the  intermediate 
charges,  and  thtrv  increases  again,  it  usually  being  the  case  that, 
with  the  full  charge,  is  larger  than  ">jwc  of  the  basic  minimum 

charge . 

In  this  connection,  as  a  rule,  the  velocity  vDi  varies  in 

accordance  with  a  linear  law  as  a  function  of  the  weight  of  the 

* 

charge  (fig.  170),  instead  of  being  convex  upward. 
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GRAPHIC  NOT  REPRODUCIBLE 


/ 


Fig.  170  -  Variation  in  and  in  Firing  with  Combined  Charge. 

1)  charge  no. 


6.  PARTICULARS  OF  BALLISTIC  DESIGN  OF  HOWITZERS  AND 
COMPUTATION  OF  CHARGES.' 

The  ballistic  computation- of  a  howitzer  is  conducted  for  the 

maximum  initial  velocity  vD,  which  corresponds  to  the  full  charge 

at  the  maximum  pressure  pao.  In  this  connection,  the  following 

data  are  found:  the  weight  of  the  full  charge  No.  0  -^q;  the 

fundamental  design  characteristics  of  the  bore  -  WA,  An,  L..„  -  + 

+  / n »  4-  1}..;  and  the  nominal  impulse  of  the  powder 

U  Kn  U  U 

mixture  for  the  charge  No.  °  -  IKo  -  which  is  determined  from  the 

parameter  Bq.  The  propellant  force  of  the  powder  in  the  charge 

No.  0  is  assumed  to  be  90-93  tw/kg,  unless  more  accurate  data 

relating  to  f^  for  a  "related"  gun  are  available. 

In  this  connection,  contrary  to  the  design  of  guns  firing 

with  one  charge  and  with  one  initial  projectile  velocity,  for  which 
» 

it  is  desirable  to  obtain  in  the  range  of  0.60-0.65,  for 
a  howitzer  with  a  full  Charge  must  be  considerably  lower  (0.25-0.30), 
in  order  that  the  same  thick  powder  be  given  enough  time  to  burn 
in  the  presence  of  diminished  charges  and  reduced  pressures,  which 
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involves  the  transfer  of  the  end  of  burning  toward  the  muzzle 
f  ace . 

For  this  reason,  in  utilizing  the  directive  diagram,  after 
determining  the  minimum-volume  gun  (point  Mq)  and  reducing  the 
weight  of  the  charge  (point  N) ,  it  is  necessary  to  proceed  in 
the  direction  of  reducing  A  and  ^  and  increasing An,  i.e.,  to 
take  variants  in  the  lower  left  sector  from  the  point  Mq.  In 
this  connection,  the  characteristic  Tjp,  -  pay  /pm  is  obtained 
smaller  than  in  the  case  of  guns  (0.40-0.50). 

For  the  designed  gun\,  using  the  minimum  charge  N<x.  n,  the 
predetermined  velocity  v^  and  the  pressure  pm  Q,  which  is  pre¬ 
determined  by  the  cocking  conditions  of  the  firing  device,  are 
used  to  assign  .A  -  0.10-0j.l5  and  to  determine  o  ,  B„,  and  I’  - 

Q  U  I* 9  at 

the  pressure  impulse  for  the  thin  powder  alone.  On  the  basis  of 
treatment  of  data  for  existing  howitzers,  the  propellant  force  of 
the  powder  f'  is  obtained  equal  to  80-82  tm/kg. 

The  computation  will  in  this  case  follow  the  course  outlines 
below.  Aa  having  been  assigned,  there  are  found: 


w  -  Wn 

n  u 


AQ,  *pQ  -  (1.05-1.06)  +  ±  -  ; 


“f  - 


'u>  f 


«fq  95  '  T,D 


At  the  given &Q,  fromAD  and  v.j^D,  there  are  found  Bq  and: 


l  VBnf  n«n«pn«; 
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From  A  and  B,  there  ure  determined  tne  pressure  p 


and : 


in  tab . 


Pfiif  **  Pm  tab. 


95 


11  Pmf  is  smaller  than  the  required  p^,  A  is  changed  and  ■ 
the  computation  is  repeated  until  the  necessary  magnitude  is 
selected  for  p 

B,D 

The  impulse  determined  in  the  final  variant  will  characterize 
the  thin  powder  composing  the  basic  charge  tan  in  the  remaining  com¬ 
bined  charges. 

Knowing  the  weights  of  the  full  and  minimum  charges  and  , 
we  can  find  Oq  for  the  charge  No.  0: 

a6  “  ~  ?  ao  -  1  -  ao‘ 


Knowing  1^  for  the  full  charge,  which  is  composed  of  a  mixture 
o'  a  thin  powder  with  a  known  impulse  l£  and  a  thick  powder  with  an 
unknown  impulse  Ij£,  we  determine  the  latter  on  the  basis  of 
equation  (8) : 


lK,o 


0  0 
-f  , 

1  •  J  n 

*K 


from  which: 


I"  - 


ao 


K,o 


^6 

H 


*  i 


as 


K>°  ,  i^o 


1  -  a 


0  H 


The  values  of  1^  and  Ij£  will  subsequently  be  the  same  for  all 
intermediate  charges. 


F-TS-7327-RE 


916 


CHAPTER  2  -  SOLUTION  WITH  CONSIDERATION  OF  GRADUAL  CUTTING 
~gF  KOI  ATI  NGLAND  I  NTO'  RIFLI  NG  GROOVES  01-  BARREL 

(Professor  G.  V.  Oppokov) 

For  a  consideration  of  the  gradual  cutting  of  the  rotating  band 
into  the  rifling  grooves  of  the  barrel,  the  preliminary  period  must 
be  divided  into  two  phases:  the  initial  phase  and  the  phase  of  accel¬ 
eration  of  the  projectile,  at  the  start  of  which  the  pressure  of  the 
powder  gases  attains  a  magnitude  sufficient  for  the  onset  of  the  cut¬ 
ting-in  process. 

For  the  initial  phase  of  the  preliminary  period,  it  is  possible 
to  employ  the  usual  formulas  applicable  to  the  preliminary  period 
after  replacing  therein  the  quantities: 

P0'+0'kl  and  z0 

by  the  quantities: 

pH'^H,kH  and  ZH ’ 

In  the  acceleration  phase,  it  will,  be  necessary  to  deal  with  an 
equation  of  the  motion  of  the  projectile  of  the  following  type: 

“  (p  -TT)s, 

where  TT  is  the  force  of  resistance  of  the  rotating  band  to  the  cut¬ 
ting-in  process,  related  to  the  unit  cross-sectional  area  s: 
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law  of  gas  formation:. 


-  £~V  /x2  +  4XX4>, 

dt  IKV  T’  y 

if  use  is  made  of  the  geometric  law  of  burning. 

In  summary,  numerical  integration  must  be  applied  to  a  system  of 


equations  of  the  following  type: 


dvfc  _  p_' 
dt  lK 


K2  + 


-  (P 


-*>  if) . 


(15) 


where : 


d!  .  v 

dt  V' 


.  <*> 

P  -  f - 

s 


't  +  ' 


(16) 


This  integration  may  be  carried  out  in  accordance  with  the  vari¬ 
ant  presented  in  the  books  of  Professor  Oppokov  /7-87* 

In  order  to  arrive  at  an  analytical  method  of  solution,  it  is 
necessary  to  make  three  simplifying  assumptions  for  the  purpose  of 
determining  the  velocity  of  the  projectile  in  the  given  phase. 

1)  The  variation  of  in  the  first  equation  of  the  system  (15) 


is  neglected: 


I?  "  ^V*2  +  4>a+"-  p; 


(17) 


2)  The  small  terms  in  the  numerator  of  the  fraction  on  the  right- 
hand  side  of  formula  (16)  are  neglected,  and  the  following  substitution 


is  performed  in  the  denominator: 


ly  +  t  m  +  lc> 


(18) 


where  the  average  length  may  be  replaced  by  /  being  considered  to 

2 

be  constant  during  the  integrating  operation. 
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3)  A  lau  of  the  following  type  is  accepted  for  the  force  TT  : 

Tl  *■  TT  +  T!  — -  "  P  +  TJ  *7 - ,  (19 ; 

0  av.  h  "av.  / 

Kav.  Kav. 

where  is  the  path  of  the  projectile  at  the  end  of  the  given 

phase,  the  force  TT^  characterizes  the  "sensitivity  of  the  band", -and 
TT  av>  characterizes  its  "rigidity". 

As  a  result  of  the  second  assumption,  we  shall  have  in  place  of 
formula  (16) : 


p  -  f 


s  /  +  l  ' 

A  lC 


from  which,  after  differentiation,  we  shall  obtain: 


dp  _ 


.  d^- 


dt  +  lc  dt 


or,  in  accordance  with  formula  (17): 


dp  s 

dt  ‘  !» +  ‘c 


We  separate  the  variables  and  designate 


av .  >tH  A 


(L  +  L>  :U 


(20) 


We  find: 


from  which: 


dp  _  dt 
P 


P  -  PHe 


(21) 


Through  the  intermediacy  of  formulas  (19)  and  (21),  the  second 
equation  of  the  system  (15)  assumes  the  following  form: 
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'  £  (v*'  '  PH  ' 


a  v.  1 


since : 


dv  _  d2( 
dt  dt2 

if  the  phenomenon  of  recoil  is  not  taken  into  account  in  its  explicit 


form. 


By  integrating  equation  (22)  in  accordance  with  the  known  rules 


of  mathematical  analysis,  and  designating  for  convenience: 

I2  -  is  .  ;  k2  -  ^  i  L  -  —  \\  , 

S  n  av* 


we  shall  obtain: 
t 

t  e  av*  1  ,  1 

L  1  +  k2  k2  k2v/l  + 


^  •  sin  tan^k  +  k  -i-  . 

L  1  +  kz  k\/l  +  kz  \  Tav,  / 


(tan“1k  +  k  — - —  | ; 

V  ' 


(24) 


the  time  t  being  counted  from  the  start  of  the  given  phase. 

On  the  basis  of  formulas  (21)  and  (24),  there  have  been  set  up 

brief  tables  containing  values  for  the  following  quantities: 

__t _ 

1  Tv 

—  -  e  av*  (Table  1)  and  ~~£~  (Table  2) 

PH  L 

j  n 

as  functions  of  the  two  parameters  £  and  k* . 

These  tables  are  necessary  for  the  solution  of  the  direct  problem 
of  interior  ballistics  with  consideration  of  the  gradual  cutting  of  the 


rotating  band  of  the  projectile  into  the  rifling  grooves  of  the  barrel. 
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i 


1 


All  formulas  for  performing  computations  in  connection  with  the 
acceleration  phase  are  summarized  in  Table  3  (p.  926). 

The  quantities; 

V  ffp  *H>  kH>  and  *h 

have  already  been  fo <nd  in  the  computations  for  the  initial  phase. 

The  quantities  p^  and  TT&v  must  be  known  in  advance.  The  argument 
in  this  phase  is  the  path  l  of  the  projectile.  The  formula  for  the 
pressure  in  Table  3  has  been  obtained  from  formula  (18),  in  which 
there  are  taken: 

A„  -  0:  *2  -  .  tos  ,2. 

n  ’  2  2r- 

The  formula  for  t  in  Table  3  is  found  from  expression  (21). 

The  theory  of  solution  of  the  problem  in  the  first  period  is 
analogous  to  the  theory  of  its  solution  for  a  simple  charge,  except 
that  it  is  necessary  to  take  into  consideration  that,  at  the  start  of 
the  first  period,  the  projectile  has  the  velocity  vKav>  and  has  al¬ 
ready  traversed  the  path  •  For  this  reason,  in  the  first  place, 

integration  of  the  equation  for  velocity  will  give; 


where : 


v  -  vKav.  "  ^(I 
+  tKav. 


IJCav.  ^  * 


lKav. 


j  pdt  -  ^Kav.  ;  1 


The  quantity: 


may  be  retained,  but  for  zQ  it  is  necessary  to  take: 

vKav, 

z0  "  zKav.  “  v.  _ 
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and  then,  as  before: 

v  "  VK,0'Z  '  Z<P 

or: 


^  V  "  VK, 0X/ 

where  the  quantity  Zq  is  already  expressed  by  formula  (25),  and  the 
quantity  x  varies  within  the  limits  from: 


LKav. 


VKav. 


*,0 


in  the  beginning  of  the  first  period  to  the  quantity  (1  -  zQ)  at  its 
end. 

In  the  second  place,  the  differential  equation  for  the  path  of 
the  projectile,  in  adopting  the  ay  method  and  in  the  presence  of 
the  initial  conditions: 


gives : 


v  '  vKav.  *nd  '-'fev. 


B 

B, 


('t„.  +  fx»v.>Z2v. 


B, 


av. 


For  the  formulas  needed  in  the  computation  of  the  first  period, 
cf.  Table  4,  p.  926. 

The  quantities  vjfav  and  Zj^  have  already  been  found  with  the 
aid  of  the  formulae  in  Table  4. 
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1.00 

1.48 

1.61 

1.81 

1.97 

2.10 


0.5  0.6  0.7 


1.00 

1.48 

1.61 

1.81 

1.97 

2.10 


1.10 

2.20 

2.20 

2.20 

0.15 

2.46 

2.46 

2.46 

0.20 

2.65 

!  2.66 

2.66 

0.25 

2.83 

2.84 

2.84 

0,30 

3.00 

3.01 

3.02 

0.35 

3,16 

3. 17 

3.18 

0.40 

3.32 

3.33 

3.34 

0.45 

3.47 

|  3.47 

3.49 

0.50 

3.60 

3.61 

3.63 

0.6 

!  3.87 

3.88 

3.89 

0.7 

4.12 

4.14 

4.14 

0.8 

4.35 

4.37 

4.38 

0.9 

4.58 

4.60 

4.61 

1.0 

4.80 

4.82 

4.84 

1.1 

5.01 

5.04 

5.06 

1.2 

5.21 

5.25 

5.28 

1.3 

5.41 

5.45 

5.49 

1.4 

6.61 

6.65 

5.69 

1,5 

5.80 

5.84 

5.88 

1.6 

6.00 

6.04 

6,08 

1.7 

6.19 

6.23 

6.27 

1.8 

6.37 

6.42 

6.46 

1.9 

6.54 

6.60 

6.65 

2.0 

6.72 

6.78 

6.83 

2.2 

7,07 

7.13 

7.19 

2.4 

7,41 

7.47 

7.54 

2.6 

7.74 

7.81 

7.88 

2.8 

8.07 

8.14 

8.23 

3.0 

8.39 

8.47 

8.57 

3.2 

8.70 

8.79' 

1  o .  30- 

3,4 

9.01 

9.11 

9.23 

3.6 

9.32 

9,43 

9.55 

3.8 

9.63 

9.75 

9.87 

4.0 

9.93 

10.06 

10.19 

1.00  1.00 
1.48  1.48 
1.61  1.61 
1.81  1.81 
3.97  1.97 
2.10  2.10 
2.20*2.20 


2 . 46 ' 2 . 46 
2.66’ 2. 66 
2 . 85 ' 2 . 85 
3.03*3.03 
3.19  3.19 
3.35  3.35 

3.50  3.50 
3.64  3.64 
3.90^  3.90 
4.15  4.16 
4.39  4.41 
4.63  4.65 
4.87  4.89 
5.09 
5.30 

5.51 
5.71 
5.91 
6.12 
6.32 

6.51 
6.70 
6.89 


1.00 

1.00 

1.48 

1.48 

1.61 

1.61 

1.81 

1,81 

1.97 

1.97 

2.  lu 

2.10 

2.20 

2.20 

L. 

uo 

1. 

48 

1. 

61 

1. 

81 

1. 

97 

2. 

10 

o 

-  — ^  • 

20 

2,46  2.46  2,46  2.46 

2.67  2. 67  2.67 

2.85  2.86 

3.03  3.04 

3.19  3.20 

3.35 

3.50 

3.65 
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0.06 

0.08 

0.10 


0.15 

0.2o 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 
1.9 
2.0 


2.2 

2.4 
2.6 
2.8 
3.0 
3.2 

3.4 
3,6 
3.8 
4.0 


4.2 

4.4 

4.6 
4.8 
5.0 

5.2 

5.4 

5.6 


T  V 

Table  2  -  Values  of 


.3  0.4  0.5  0.6  0.7 


0. 56 
0.68 
0.79 
0.90 
1.01 
1.12 
1.22 

1.32 

1.52 
1.70 
1.87 
2.05 
2.23 
2 . 40 
2.57 
2.73 
2.89 
3.05 
3.21 
3.37 

3.52 

3.66 
3.81 


4.11 

4.40 

4.69 

4.98 

5.26 

5.53 

5.81 

6.09 

6.36 

6.63 


1.22 

1.32 
1.51 
1.69 
1.88 
2.04 
2.21 
2.38 

2.55 
2.71 
2.87 
3.03 
3.18 

3.33 
3.48 
3.63 
3.77 


4.06 
4.35 
4,  64 
4.92 
5.20 
5.47 
5.74 
6.01 
6.28 

6.55 


6.81 

7.07 

7.33 

7.59 

7,85 

8.11 

8.36 


0 

o, 

.09 

I  o, 

.13 

0, 

.22 

0, 

,29 

0, 

.35 

0. 

.41 

0. 

.  56 

0. 

,67 

0. 

79 

0. 

90 

1. 

01 

1. 

12 

1. 

22 

1. 

31 

1. 

50 

1. 

68 

1. 

85 

2. 

02 

2. 

19 

2. 

36 

2. 

53 

2. 

69 

2. 

85 

3. 

00 

3. 

15 

3. 

30 

3. 

45 

3. 

59 : 

3. 

73 

4. 

02 

4. 

30 

4. 

58 

4. 

86 

5 

j. 

14 

5. 

41 

5. 

67 

5. 

94 

6. 

21 

6. 

47 

6. 

73 

6. 

99 

7. 

24 

7, 

49 

7. 

74 

1.01 

1.11 

1.21 

1.30 

1.49 

1.67 
1.84 
2.01 
2.18 

2.34 

2.50 

2.67 
2.83 
2.98 
3.12 
3.27 
3.42 

3 . 56 
3.70 


0.89 

1.00 

1.10 

1.20 

1.29 

1.47 

1.65 

1.82 

2.00 

2.17 


0  0  0  0 
0, U9  0.09  0.09  0.09 

0.13  0.13  0.13  0.13 

0.22  0.22  0.22  0.22 

0.28,  0.28  0.28  0.28  0.28 

0.34  0.34  0.34  0.34  0.34  0.34 

0.40  0.40  0.40  0.40  6,40  0.39 


0.55  0.55  0.54  0,53 
0 . 66  0.66  0.65 
0.77  0.7.7 
0.88  0.88 
0.99 
1.08 
0.18 
1.28 
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Table  3  -  Formulas  for  Computing  Acceleration  Phase 
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s'  s’ 

f  W- 
1  s' 

/  ^  1 

A  S  3^’ 

(  -  2  » 
a  s 

1  . 

1T’ 

-  22 

.  !Kav  T  . 

*K^ 

spH 

s 

"av.  1 

-  5  -hi' 

2V 

«pm 

t, 

•m  *r  4.  ^  /  • 

k2  - 

sp 

H 

lav. 

T1  +  21.  l> 

A 

i  li  * 

cpm 

.  1 


av 


+  - 


u + ' + !  ** 


s  p 


f  -  *  "  +  la 
B  p  a 


Z  « 


_2*_ 


*  +  kav. ’ 


t  ”  2.303T  log 

aV.  *  PH 


Table  4  -  Formulas  for  Computing  First  Period. 


xKav. 


v 

„  Kav. 


z0  -  z 


fK,0 


Kav. 


-  x 
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"  *Zq  +  xXz0; 


=  1  mV* 


^  +  4  K  X'j'q 


8  -  XX  :  (  f  I  •  B1  -  ¥ 

m  Bl. 


B  .  81.  y  _  CvVo 

bi  * 


ki  * 


-1 


B 

M 


PKav.  "  CxKav.  ’  log  ZKav.  ;  ZKav. 


av. 


*+*Kav. 


P  -  Cx;  v  -  vj^0x;  +  kxx  +x\x2;B 

»  ^ c  “  ^aH'av.'  +^Kav.  ^zKav. z 


4  "  P“  f  s  ~I“TT 


*-  -B!  - 
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Example  1.  To  find  the  ballistic  elements  of  a  shot  at  the  end 
of  the  preliminary  period  with  consideration  of  the  gradual  cutting 
of  the  rotating  band  of  the  projectile  into  the  rifling  grooves  of 
the  barrel  forthe  1942  mc^el  76  mm  light  division  gun  (ZIS-3)  under 
the  following  loading  conditions: 

f  -  896,000;  q  -  1;  5  -  1.6;  %  -  0.2; 

“  1.08;  2e^  -  1.4  mm;  X-  1.06; 

W0  -  1.49;  s  -  0.4692;  ?D  -  26.88;  v  -  0.33; 

«j  -  6.2;  <?-  l;  pH  -  15,000;  TIav.  -  10,000. 


I.  Initial  Phase  of  Preliminary  Period. 

I)  X-  1.06  (given);  2)  i  -  0.755;  3)  ~  -  a  -  7  -  0.375; 

«2  w  9  o.  o 


4)^-r2{r0  +  r}- 


;log>VH  -  2.0987;  5)  *H  -y£2  +  4*AvVH;log  kH  -  0.0248. 


II.  Preliminary  Computations  for  Acceleration  Phase. 

.  +  (given) ;  2)  log  ^  -  1.1293;  3)  I  -  938.5;  2el  -  1.4; 

•  3  q  S 

4)  log  Vj^q  -  log^IK  :  3.8431;  5)  log  ^  -  0.3620;  6)  log  f  ^  -  6.3143 

7)  log  L  «  log  -  *  ~  -  0.2399;  8)  log  lQ  -  log  1.9360; 


9)  log  q2  -  logp"  •  6 , 6478 ;  10)  log^  -  log  - 

\®  nav./  f 


IrfA 
K  A 


-  4.8732; 


-  k 
s 


11)  log  2J~~  -  ^.3323;  12)  log^pH  :  -  5.0468. 

III.  Ballistic  Elements  at  End  of  Preliminary  Period. 

Knowing  from  the  assignment  that  t  -  f^y  -  0.33  dm,  we  obtain 
from  the  formulas  in  the  middle  section  of  Table  3: 
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1)  t 


av. 


t.  ^  • 

T1  +  2^  'Kav,  ■'  0.7O9-10-4-.*)  It*  -  0.«0; 


3)  L  -V 


/ 


av 


•lP" 


spm 

s 

i! 


;  log  L  -  5.8720;  4)  ~ 

L 


1  / 

'Kav. 

L 


4.43. 


Knowing  that  j-  -  4.43  and  k“  -  0.150.  wo  use  Tables  1  and  2  to 
L  * 

obtain  by  double  interpolation: 

i 


/ 

-  7.07,  which  makes  it  possible  to 


-x  pKav.  ,n  --  ,  tav.vKav. 

5)  - - »  10.78  and  6)  - 

PH  L 

find  for  the  end  of  the  preliminary  period: 

7)  -  10.82pH  -  1617  kg/cm2;  8)  v^y,  -  -1T^  -  64.3  m/sec 

We  continue  the  computations  in  accordance  with  the  formulas  in 
the  lower  section  of  Table  3: 


7.13L 


lKav.  + 


8)4/ 


2 
K 

Kav. 


v 
Pr. 


Kav. 


;  lo8  ^Kav  .  "  1* 1887 ; 


Kav. 


1. 


9)  k 


av 


.4 


24. 


K 2  +  4yX4»Kav.  "  0*0181;  10)  z 


Kav. 


Kav.  H  +  k 


-  0.1469; 


av. 


11)  t„  -  2.303tav  log  — -  0.001944  sec  . 
Kav.  av.  p. 


Without  consideration  of  the  gradual  cutting-in  process,  there 
were  at  the  end  of  the  period: 

2 


t  -  0;  vQ  -  0;  p0  -  300  kg/cm2 


With  consideration  of  the  cutting-in  process,  these  changed  to: 

*Kav.  “  0,33;  vKav.  “  64,3  m/sec’>  Pgav.  “  1617  k8/cm2 
Example  2.  To  find  the  principal  ballistic  elements  of  the  shot 
under  the  conditions  of  Example  1  and  from  its  results. 
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Solution.  We  perform  the  computations  With  the  aid  of  the 
formulas  in  Table  4. 

IV.  Preliminary  Computations  for  First  Period. 

^Kav. 

l)  xJCav.  *  vTT1  “  0.0924;  2)  z0  -  zKay.  -  xKav>  -  0.0545; 


3)  *V0  -  XzQ  "  0.0756;  4)  kx  -  y42  +  4xX*u  -  1. 


0226. 


V.  Tabular  Constants  for  First  Period. 


i)  b  -  i: 


:  (f  S  •  ?)-  3.171;  2)  E1  - 


-  xX  -  0.3771; 


B  B  —  O'Vn 

3)  log  -  0.9248;  4)  log  C  -  log  -  1.5538;  5)  ^  ~  -  0.0196; 

6)  Pgav  *  CxKav.  “  0*0331;  7)  log  Zj^v#  —  0.0060  (form  table  log  Z-1, 

B 

knowing  V  and  );  B  _ 

*av*  8)  log  Z,£  -  1.9495. 

For  the  stages  VI  and  VII,  we  employ  the  formulas  in  the  lower 
section  of  Table  4  (log  xm  j  -  1.4676;  log  -  1.9756): 

vK  -  658.8  m/sec;  4  -1;  -  22.53  dm;  pR  -  606  kg/cm2;  v  -  204.5; 


4*^1  *  0.3615;  ^m,  1  ”  1.502; 


2345, 


For  the  stage  VIII,  we  employ  the  formulas  of  Section  4,  Chapter  1, 


Part  Two 


log  Ijj  -  0.0555; 

-  519  kg/cm2;  vD  -  679.5  m/sec. 


It  is  already  known  that,  by  experiment: 


P_  «  2320  kg/cm2  and  vD  -  680  m/sec. 
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CHvPTl  K J3_  luNuF  PROttU  V.  OF  1  NTMvNAL 

B.UXISl  ICS  FOR  MORTARS 

1.  General  Informal! o ru 

In  comparison  with  a  shot  from  an  ordinary  artillery  gun,  a  shot 
from  a  mortar  has  a  number  of  specific  features.  For  thi,s  reason,  the 
burning  of  the  powder  and  the  other  processes  connected  with  the  work 
of  the  powder  gases  during  a  shot  from  a  mortar  proceed  under  conditions 
which  are  more  complex  and  less  known  in  some  respects,  but  simpler  in 
other  respects. 

The  basic  charge  of  a  mortar  (fig.  171)  is  contained  in  a  card¬ 
board  cartridge  (shell  case)  inserted  in  the  stabilizer  tube  1  (tail 
of  the  mortar  shell).  The  tube  has  four  or  six  rows  of  circular 
openings  2,  through  which  the  powder  gases  formed  within  the  shell 
case  must  flow  out  into  the  space  behind  the  mortar  shell  once  the 
cardboard  has  been  pierced. 


Fig.  171  -  Sketch  of  Arrangement  of  Mortar. 

% 

During  loading,  the  mortar  shell  is  lowered  to  the  bottom  of 
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the  bore,  displacing  the  air  through  the  clearance  3.  The  percussion 
cap  of  the  cartridge  with  the*  basic  charge  strikes  the  firing  pin  4, 
which  is  fixed  in  the  bottom  of  the  bore  of  the  mortar,  and  ignition 
Of  the  percussion  cap  and  powder  charge  takes  place;  in  this  connection, 
the  powder  burns  first  in  the  closed  space  of  the  cartridge  at  a  rather 
high  loading  density  A^  *  0.50-0,60.  In  a  certain  instant,  the  gas 
pressure  pierces  the  vails  of  the  cardboard  cartridge,  and  the  gases 
of  the  basic  charge  flow  through  the  openings  2  in  the  stabilizer  tube 
into  the  chamber  space 

Under  these  conditions  of  very  rapid  burning  of  a  very  thin  fine 
powder,  the  maximum  gas  pressure  inside  the  stabilizer  tube  is,  as  has 
been  shown  by  experiments,  very  sensitive  both  with  respect  to  the 
size  of  the  tube  openings  and  the  thickness  of  the  cartridge  walls, 
and  with  respect  to  the  most  insignificant  delays  or  advances  in  the 
piercing  of  the  cartridge  walls. 

As  a  result  of  a  small  difference  in  the  pressures  under  which 
the  cartridge  walls  are  pierced,  there  may  ensue  a  large  scattering 
of  the  magnitudes  of  maximum  pressure  in  the  stabilizer  tube. 

For  this  reason,  it  is  precisely  in  a  mortar,  in  greater  measure 
than  in  a  gun,  that  importance  attaches  to  the  composition,  the  weight 
of  the  igniting  percussion  cap,  and  the  rate  of  burning  of  the  powder; 
the  greater  the  impulse  provided  by  the  igniter  the  more  uniformly  is 
the  powder  ignited. 

The  next  characteristic  feature  consists  in  the  fact  that  the 
gases  of  the  basic  charge,  which  first  burns  inside  the  stabilizer 
chamber  at  A  -  0.50-0.60,  undergo  strong  expansion  and  cooling  as 
they  flow  out  into  the  space  behind  the  mortar  shell.  Since  the 
surface  of  the  stabilizer  vanes  2  and  of  the  bottom  part  of  the  mortar 
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shell  is  large,  while  the  loading  density  o f  the  basic  cnarge  with 


respect  to  the  total  chamber  volume  is  small  (£  -  about  0.01), 
there  occur-3  %  large  loss  of  heat  to  the  walls  of  the  bore  and  of 
the  mortar  shell,  this  loss  being  still  more  accentuated  by  the 
slow  mot:  >  of  the  mortar  shell  and  by  the  long  interval  of  time 
during  TJhich  the  gases  remain  in  contact  with  the  walls  of  the 
mortar. 

If  additional  charges  u>  are  presfnt,  the  powder  contained  therein 
is  ignited  by  the  action  of  the  gases  of  the  basic  charge,  and  the 
motion  of  the  mortar  shell  proceeds  under  the  action  of  the  total  gas 
pressure  produced  by  the  basic  and  additional  charges.  Owing  to  the 
presence  of  the  clearance  3  between  the  mortar  shell  and  the  walls  of 
the  bore.,  a  portion  of  the  gases  will  penetrate  through  this- clearance 
from  the  very  outset  of  the  motion  of  the  mortar  shell,  and  consequently 
their  energy  will  not  be  utilized. 

In  gas-regulator  mortars,  with  the  gas  regulator  open,  a  con¬ 
siderable  part  c?  the  gases  also  escapes  through  the  gas  regulator. 

The  existence  of  a  penetration  of  gases  through  the  clearance  between 
the  mortar  shell  and  the  bore  and  through  the  gas  regulator  constitutes 
the  third  characteristic  feature  of  the  shot  from  a  mortar.  The 
consumption  of  gases  through  the  clearance  and  the  gas  regulator  is 
accounted  for  on  the  basis  of  the  general  relations  of  gas  dynamics. 

As  shown  by  Slow-motion  photographs,  a  considerable  part  of  the 
gases  is  ejected  from  the  bore  of  the  mortar  prior  to  the  emergence 
of  the  mortar  6hell  from  the  barrel,  which  is  accompanied  by  the 
ejection  of  the  principal  mass  of  the  gases.  This  part  of  the  gases 
which  is  ejected  through  the  clearance  and  does  not  participate  in 


* 
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communicating  a  velocity  to  the  c,ortar  shell  constitutes  as  much  as 
10-15%  of  the  total  quantity  of  gasts,  whereas,  in  an  ordinary  gun, 

the  fraction  of  gases  ejected  through  the  clearances  between  the 

/ 

rotating  band  and  the  grooves  of  the  rifling  is  insignificant. 

The  fourth  characteristic  feature  consists  in  the  fact  that 
the  pressure  to  overcome  the  inertia  of  the  projectile  may  in  practice 
be  considered  as  being  equal  to  zero.  In  exactly  the  same  manner,  no 


to  rotate  the  mortar  shell. 

Thus,  the  solution  of  the  problem  of  internal  ballistics  is.,  on 
the  one  hand,  simplified  by  the  fact  that  the  pressure  to  Overcome  the 
Inertia  of  the  projectile  and  a  portion  of  the  secondary  work  are 
assumed  to  be  xero;  on  the  other  hand,  the  solution  of  the  problem 
is  complicated  by  the  necessity  of  taking  into  account  a  greater  heat 
loss  and  the  escape  of  gases  through  the  clearance  and  gas  regulator, 
which  requires  the  utilization  of  the  fundamental  relations  of  gas 
dynamics. 

Since,  in  a  shot  from  an  ordinary  mortar  resting  on  a  base  plate, 
there  occurs  practically  no  recoil,  and  the  relative  weight  of  the 
charge  OJ/ q  is  very  small  (of  the  order  of  0.01-0.02  with  a  full  charge), 
it  is  possible  to  assume  in  practice  that  the  coefficient  cp  -  i„ 

To  retain  unity  in  the  procedure  and  in  the  designations  of  the 
parameters  and  functions,  the  solution  of  the  fundamental  problem  of 
internal  ballistics  for  mortars,  which  is  developed  below,  is  presented 
in  the  designations  of  Professor  Drozdov  for  ordinary  artillery  guns. 


F-TS-7327-RE 


933 


2 »  ANALYTICAL  KULUfJON  OK  *  INUiMUtTAL  IKoLU )!  >‘UK 
SMOOTH-LCKh  WCHTaKis,, 

(Simplified  Method  of  Professor  S.L-.  Serebryakov) 

The  analytical  solution  is  based  on  the  iol lowing  assumptions: 

1)  There  is  no  pressure  to  overcome  the  inertia  of  the  projectile. 
The  mortar  has  an  annular  clearance  between  the  mortar  shell  and  the 
bore. 

2)  The  burning  of  the  basic  charge  in  the  stabilizer  tube  is. 
not  considered. 

The  gases  of  the  basic  charge  flowing  from  the  stabilizer  tube 
into  the  space  ibehind  the  mortar  shell  produce  in  that  space  the 
pressure  under  which  the  powder  of  the  additional  charges  is 
ignited.  Thus,  the  basic  charge  acts  as  an  igniter  for  the  ad¬ 
ditional  charges. 

3)  The  ignition  of  the  additional  charges  is  assumed  to  be 
instantaneous  and  simultaneous  for  all  grains  and  for  all  points 
on  the  surface  of  every  grain. 

4)  The  burning  of  the  grains  of  the  additional  cnarges  proceeds 
in  parallel  layers  in  conformity  with  the  geometric  law  of  burning 
and  is  expressed  by  the  following  known  formulas: 

'f  »  Xz  4-xXz2; 

©  »  1  +2  Xz. 


5)  The  rate  of  burning  of  the  powder  is  proportional  to  the 


pressure  <in  the  first  power); 


,  de 

u  -  ■ —  -  u.p, 
dt  x 


where  is  the  ra^te  of  burning  at  p  -  1. 
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6)  The  motion  of  the  mortar  shell  begins  under  the  pressure 

Pq  simultaneously  with  the  start  of  burning  of  the  additional  charges 

(at  P  -  Pq,  to  "  °»  ^  "  °»  v  "  °)  ♦ 

7)  The  escape  of  gase3  through  the  clearance  begins  simultaneously 

with  the  start  of  burning  of  the  additional  charges  and  with  the  be¬ 
ginning  of  notion  of  the  mortar  shell.  t 

8)  The  complete  impulse  of  the  increase  in  pressure  J  pdt  » 

0 

•  — is  independent  of  the  loading  density  A  and  of  the  magnitude  of 
U1 

the  initial  pressure  p^  under  which  the  powder  is  Ignited. 

9)  On  the  basis  of  the  general  formulas  of  gas  dynamics,  the 
escape  of  gases  through  the  clearance  is  proportional  to  the  impulse 
of  the  increase  in  pressure: 


Y  -  »  VAs 


clearance 


J  pdt  -  VAs 


clearance 


where  is  the  part  of  the  gases  which  has  escaped  through  the 

clearance;  A  is  the  coefficient  of  escape: 

1 

/  '  \  nr.  r 


k  4  1 


V  is  a  coefficient  which  characterizes  the  form  and  arrangement  of 

the  clearance;  and  s  ,  or  s,  is  the  cross-sectional  area  of 

clearance  3 

the  clearance. 

\ 

10)  The  beat  loss  is  determined  on  the  basis  of  experiments  in 

* 

a  special  apparatus,  in  which  the  basic  charge  burns  under  the  same 

\ 

conditions  as  in  the  mortar. 

By  experimentally  determining  in  this  apparatus  the  maximum  gas 
pressure-of  the  gases  of  the  basic  charge  in  a  constant  volume  Q, 
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there  is  found  the  propellant  force  of  the  powder  f^  in  the  basic 
charge  with  consideration  of  the  cooling  of  the  gases  by  their  ex¬ 
pansion  from  the  stabilizer  tube  into  the  space  behind  the  mortar 
shell  and  by  the  heating  of  the  walls  of  the  bore  and  of  the  stabi¬ 
lizer  vanes: 


where  A  is  the  loading  density  of  the  basic  charge  with  respect  to 
the  entire  volume  behind  the  mortar  shell  W  (chamber).  This  quantity 
f0  is  obtained  considerably  smaller  than  the  propellant  force  f  of 
the  powder  in  the  additional  charges  composed  of  powder  of  the  same 
nature,  which  is  determined  on  the  basis  of  experiments  in  an  ordinary 
manometric  bomb. 

The  subsequent  heat  transfer  during  the  motion  of  the  mortar 
shell  is  neglected  (since  the  walls  of  the  bore  and  of  the  mortar 
shell  are  heated  by  the  gases  escaping  through  the  annular  clearance 
in  advance  of  the  mortar  shell),  or  else  is  taken  into  account  in¬ 
directly.  Since  no  work  is  performed  by  the  gases  to  rotate  the 
mortar  shell,  to  overcome  friction  along  the  grooves  of  the  rifling, 
and  to  bring  about  a  recoil,  and  since  u/q  -  1%,  the  coefficient  of 
consideration  of  secondary  work  may  be  assumed  to  be  equal  to  unity. 

The  phenomenon  of  the  shot  is  subdivided  into  the  following  periods: 

1)  Burning  of  the  basic  charge  until  openings  are  pierced  in  the 
cartridge  and  the  gases  flow  out  into  the  chamber;  on  the  basis  of  the 
assumptions  made  above,  this  phase  is  analogous  to  the  preliminary 
period. 
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2)  The  first  per  jd  corresponds  to  the  burning  of  the  ad¬ 
ditional  charges,  accompanied  by  the  simultaneous  escape  of  a  part 
of  the  gases  through  the  clearance  (  t  varies  from  zero  to  1%)* 

3)  The  second  period  corresponds  to  the  expansion  of  the  gases 
already  forjned  in  the  first  period,  accompanied  by  their  simultaneous 
•scape  through  the  clearance  Sclearance. 

The  motion  of  the  mortar  shell  and  the  escape  of  the  gases 
through  the  clearance  (based  on  the  assumptions  made)  begin  under 
the  pressure  pQ,  produced  by  the  gases  of  the  basic  charge,  which 
can  be  determined  in  the  test  apparatus: 


1 


where: 


Let  s  be  the  cross-sectional  area  of  the  bore  of  the  mortar, 

_  o 

s  -  —  d  ;  s'  the  cross-sectional  area  of  the  mortar  shell  at  its 

4 

centering  land;  and  sciearance  •  *  -  s’,  the  area  of  the  clearance 
between  the  mortar  shell  and  the  vails  of  the  bore. 

The  velocity  of  the  projectle  is  determined  from  the  following 
equation  of  motion: 

mdv  •  s  ’pdt; 
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~riwp 


s’ 


where: 


For  the  solJtion  of  the  problem,  we  have  the  following  system 
of  equations: 

1)  The  fundamental  equation  of  pyrodynamics  with  consideration 
of  the  escape  of  a  part  of  the  gases  through  the  clearance  and  of 
heat  losses: 


»pu;  ♦  n 


fo“o  + 


The  quantity  f'  is  the  force  of  the  mixture  of  gases  of  the 

basic  and  additional  charges;  essentially,  it  varies  during  the 

fnOn  ♦  f  l~) 

burning  of  the  additional  charge  from  f^  to  ^  f,  having 

w .  +  co 
0 

in  the  intermediate  instants  the  value: 

t .  -  Vo  t  fu>* 

U  +  U> 

0 

Since,  for  the  present,  the  heat  transferred  to  the  walls  is 
not  considered  directly  (cf.  Assumption  10),  it  can  be  taken  into 
account  indirectly  by  taking  instead  of  the  value  f'  a  value  for  f 
of  the  additional  charges  that  is  larger  than  f'.  In  this  case, 
the  fundamental  equation  will  be  rewritten  in  the  following  manner: 

l 
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(26) 


*p(t^  +  D  -  *(f*Q  +  f(wf.  ~  -  <fiav  , 


where: 

r 

(:i  *  £  1*0  '  I  u  •  *)  -  °  (w+-  -  °o“o 

takes  into  account  the  loss  of  gases  through  the  clearance  s  -  s' 

2)  The  equation  of  motion  of  the  mortar  shell: 

s'pdl  •  <ymvdv.  (27) 

t-Kz  4*Xz2  (28) 


3)  The  (geometric)  law  of  burning  for  lamellar  fine  powders 
and  vy  -  r  for  flat  disk-shaped  powders. 

4)  The  formula  for  the  velocity  of  the  mortar  shell: 


(29) 


5)  The  relative  consumption  of  gases: 


■7-1- 


^'As3IK 


u 


*  -1K*. 


(30) 


where: 


VAS3«K 


u> 


V  As 


3  '1 


(31) 


1  is  a  coefficient  which  takes  into  account  the  shape  of  the 
opening  through  which  the  gases  flow  out;  and  *7^  is  the  relative 
consumption  of  gases  at  the  end  of  burning  of  the  powder. 


The  following  designations  are  introduced: 


2  S2I2  /s*\2 
_ —  •  (  -  )  , 


fu*f  m  Vs  J  fuym 


f  >> 

0  0 

VA  •  -----  is  the  relative  energy  of  the  basic  charge, 
o  f  U> 


By  replacing  in  equation  (26)  the  quantities  \j>,  v,  and  Y  {or**}) 
by  their  expressions  (28),  (29)  and  (30)  in  terms  of  z,  we  obtain 
the  fundamental  equation  of  pyrodynamics  in  the  following  form: 


*p(f’  +  /)  -  *wpC0  +Xz  +  *Xzz  -*»i 


«« 

-  z2  -  *0  +  (X  -  **lK) 


B’»  2 

- xX  I  rr  . 

2  / 


(32) 


From  equation  (27),  we  have: 


s’2!2 


s'p  dt  -  - z  dz. 

cpm 


(33) 


Upon  dividing  (33)  by  (32)  term  by  term,  we  obtain: 


s  +  { 

S' 


-  B’ 


X0  +  *iz  ~  Bj[z^ 


§;  — - - ^  -  u  *. 

1  *2  .  h  !  .  B1 

b; 


where: 


kI-«  Tl*  Bi  -  —  -kX:  A« 

•  S  B^ 


Z  is  a  known  function  developed  by  Professor  N.F.  Drozdov.  We 
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thus  obtain: 


di 


-  -A. 


zdz 

*XU) 


-  -Asd  in  Z. 


(34 ) 


Equation  (34)  can  be  solved  exactly  by  the  method  of  Professor 
N.F.  Drozdov,  which  involves  its  reduction  to  the  form  of  a  first- 
order  linear  differential  equation;  but,  taking  into  account  that 
the  loading  densities  in  mortars  are  small  (A  <  0.15),  and  consequently 
■ly  varies  very  little,  it  is  possible  to  assume  to  be  equal  to 


the  mean  value  of  -  ^av. 


After  integration,  we  obtain  a  simple 
expression  for  the  path  of  the  mortar  shell  in  the  following  form: 


i; 


H'av. 


♦  1 


-  1  ♦ 


H»av. 


I 

t  ’ 

‘*av. 


-  Z~K&, 


from  which: 


—  1 

The  value  of  log  Z  is  determined  from  the  table  of  Professor  N.F. 
Drozdov  in  conformity  with  the  basic  quantities: 


t- 


BiXo 


•  2 


b; 

0  -  — -  z. 

ki 


Consequently,  the  solution  of  the  problem  for  the  first  period 
in  the  mortar  differs  from  the  solution  for  the  artillery  gun  only 
by  the  fact  that,  in  conjunction  with  z,  the  coefficient  kA  -  XG^ 

has  been  replaced  by  the  coefficient  -  X  -  the  quantity 

f  qOa 

X  q  m  — iUc-has  appeared  in  the  place  of  and  the  quantity  B’  - 
fu 
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-  B  [  —  1  has  appeared  in  the  place  of  B.  All  this,  reflecting  the 


characteristic  features  of  ihe  shot  from  mortars,  is  manifested  in 

B1 

the  quantities  '/ -  — V  and  0  -  —  z,  which,  in  turn,  increases  the 
0  k k ' 

1  1 

values  of  and  of  the  path  !  ,  and  reduces  the  magnitude  of  the 

pressure  p  in  comparison  with  the  pressure  under  conditions  involving 
the  absence  of  gas  escape. 

The  pressure  p  is  found  from  the  following  formula,  which  is 
derived  from  equation  (26): 


P  -  — 


X0  +  +  -  T  -  \  *“  X0  +  S*  ‘  Bi’ 


4  + 1 


(35) 


/ ^  ♦  i 


To  determine  z^,  which  corresponds  to  the  maximum  gas  pressure 
p  ,  we  differentiate  the  expression  (35)  with  respect  to  z,  and, 

II 

using  equation  (34),  obtain  after  a  series  of  transformations: 


”(‘  *«,)■ 


M  + 


b'I  -  +  e]  -  2*A  l  + 


(36) 


b’  +  e 


1  +  flL 


-  2*X 


where  A  -  a  -  i. 

<?!  S 

At^j,  -  0  and  s  -  s',  this  formula  is  transformed  into  the  usual 


formula  for  z  . 

m 
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2'  being  hero  already  greater  than  unity. 

The  quantity  2 '  takes  into  account  the  escape  of  gases 
through  the  clearance,  which  continues  in  the  second  period  as 
well.  As  in  the,  first  period,  the  complete  escape  is  proportional 
to  the  pressure  impulse  of  the  gases,  which,  in  turn,  is  proportional 
to  the  velocity  of  the  projectile. 

Equation  (37)  can  be  rewritten  in  the  following  manner: 


*vj  2 

Sp(!j  +  /)“fu  )f0+l  -  iv-JL  , 


(38) 


where: 


Wk 


;  vK 


2  2ft 


”1*  VAs A  T  1  S 

- - t;  A - x 


OJ  s  '  I, 


g  <*»  s  ' 


We  divide  (33)  by  (38): 


dt  -s 


i;  +<  »•  i  +~x0  -  v  - 


ir--r  •' 6  +"'K  v  -  (1  +*<Xn 

»np  . 


i;+! 


(39) 


s  ’  8  v  +  i}nv  - 


V  -  ’Is 
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where: 


la  “Ik  vnP  - 


S  s„ 

2^  A - 2 

0  s ' 


j|k_ 

IL 

2 


-  v 


nP 


[K_  . 


t\p 


v 


‘K  2 
—  Vn  * 

vnP* 

VK 


r«p 


o  2  f  u>  2 

-  <i  +X0)  vnp  -  <i  +  Xo>  —  '  »’■ 


<pbm 


np 


Integration  of  equation  (39)  gives: 


vdv  ‘ 

_  • 

,2  +  _V  -  'la 


(40) 


(41) 


We  find  the  integral  of  the  right-hand  side  by  first  resolving 
the  function  under  the  integral  sign  into  the  simplest  fractions  in 
accordance  with  the  method  proposed  by  Professor  Drozdov. 

We  find  the  roots  of  the  equation  v  +  -  5  (v)  -  0: 
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Upon  substituting  the  expressions  (41)  and  (42)  into  (40;,  we 

obtain; 


Z 

V] 

or,  finally,  we  have: 


In  accordance  with  this  equation,  taking  definite  values  for 
v  >  v^,  we  find  first  the  values  for  the  left-hand  side,  and  then  the 
corresponding  values  for  the  path  of  the  projectile  t  ;  upon  con¬ 
structing  a  diagram,  we  find  by  interpolation  or  graphically  the  value 
Vp  corresponding  to  the  value  l whereupon,  for  control  purposes,  we 
check  the  computation  once  more  at  v  - 

The  pressure  is  determined  with  the  aid  of  the  following  formula.: 
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Results*  of  Computations 

Bassic  data  for  82-mw  mortar;  dimensions  in  the  kg-dm-sec 


system: 


*0  " 

0.720; 

'D“ 

10,20; 

s  - 

0.5277; 

Sclearance 

0.0082; 

t  - 

1120- 1C?; 

q  - 

3.4; 

l0  “ 

1.363; 

i 

o 

3 

0.0072 

U>  m 

0.0366; 

a  - 

0.85; 

i 

.  o 

Vi 

679- 103; 

ad- 

7.48; 

X 

y 

i 

-  0.255; 

h  " 

55; 

-  0.004  . 

0  - 

0.15; 

c  - 

q 

6.16; 

A  - 

0.006; 

f 

V 

0.666;  t 

/ 

x  - 

1.255; 

A  - 

0.0608; 

6  . 

1.64; 

• 

5  is  a  coefficient  which  takes  Into  account  the  shape  of  the  escape 
opening;  its  value  0.666  has  been  taken  from  the  preliminary  investigation 
of  Greten;  <p  -  1. 

Computation  of  Constants 


*0  -  0.1192 
Bx  -  0.2994 


“*lK  -  0.04923 
B’ 

-7  -  1.979; 

B, 


B  -  0.5923; 
Y  -  0.02452; 


The  elements  of  the  shot  are  m  1%  m  0.700 
-  398  kg/cm2;  pD  -  48  kg/cm2;  vD  -  205.5  m/sec. 

At  the  same  constants  and  6  *  0.20:  pj.  -  p^ 
In  the  absence  of  an  escape  of  gases  through 
■  0.20,  tm  ■  ly^  m  0.67S  dm,  Pj(  “  PK  “  435  kg/cm2. 


0.2483. 

do;  pk  -  PB  - 

-  392,  vD  -  201.0. 
the  clearance:  6  - 
P0  *  50  kg/cm2. 


vD  «  211.5  m/sec. 

The  results  of  the  computations  are  found  to  be  close  to  the 
experimental  data  (p^  -  380-390  and  vD  -  202-205). 
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The  best  agreement  between  the  results  of  the  computations  and 
the  experimental  data  would  be  obtained  at  8  -  0.18. 

The  results  of  computations  presented  above  show  that  the  above- 
derived  analytical  formulas  nfike  it  possible  to  compute  with  good 
accuracy  the  ballistic  elements  of  a  shot  from  a  mortar  (p^,  pm,  t%, 
/B,  VK»  vm'  PD*  VD^  and  *°  construct  curves  for  the  pressures  of  the 
powder  gases  and  for  the  velocity  of  the  projectile  as  functions  of 
its  path. 

In  case  only  the  basic  charge  is  present  and  the  additional 
charges  co  are  absent,  the  problem  is  solved  as  for  the  case  of  the 
instantaneous  burning  of  the  charge,  the  heat  loss  being  accounted  for 
by  considering  the  reduction  in  the  propellant  force  of  the  powder  f, 
as  determined  in  a  special  apparatus. 

.  3.  EXAMPLE  OF  SOLUTION  OF  FUNDAMENTAL  PROBLEM  OF  INTERNAL 
BALLISTICS  FOR  SMOOTH-BORE  MORTARS  (SIMPLIFIED  METHOD). 


Basic  Data  for  82-mm  Mortar 

3 

Chamber  volume  Wq,  dm  0.720 

2 

Cross-sectional  area  of  mortar  bore  s,  dm  0.5277 

o 

Cross-sectional  area  of  clearance  s  .  „  ,  dm*  0.0082 

clearance' 

Coefficient  characterizing  shape  and  arrangement  of 
clearance,  0.666 

Escape  coefficient  A  0.006 

•  Length  of  path  of  mortar  shell  through  bore  (D,  dm  .10.20 

Weight  of  mortar  shell  q,  kg  3.4 

Weight  of  chargeu,  kg  0.0366 

Weight  of  basic  charge  kg  0.0072 

Coefficient  of  consideration  of  secondary  work  1.0 

Propellant  force  of  powder  f,  1 da  1120*10** 

kg 
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Propellant  force  of  powder  Of  basic  charge  f  ,  679,000 

kg 

3 , 

Covolujne  a,  do  /kg  0.85. 

Density  of  powder  <$,  kg/ dm**  ■  1.64 

Impulse  of  pressure  increase  at  end  of  burning  55 

Form  characteristics  of  powder:  K  -  1.255 

-  0.255 

Polytrope  index  k  1.15 

«  -  k  -  1  0.15 


Basic  Foroulas  for  Computation 
A.  First  Period. 

x  -  _L  .  JL 

IK  e2 


*0^ 

fu 


,  relative  energy  of  basic  charge; 


s’ 


s 


8 


clearance 


cross-sectional  area  of  mortar  shell  at 
bourrelet; 


8  '  lyr 

v  -  - -  z  velocity  of  mortar  shell; 

<f  m 

-  Kz  +  *Xz2; 

l m  l'  (Z  As  -  1)  expression  for  .path  of  mortar  shell; 

T  ft  V  • 

.  ’  i  2 

lu  v  +  k  z  -  B  z 
0  1  1 

p  - - , - expression  for  gas  pressure; 

—  8  1 
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nr  ilniliiil *  &j  fat  fit  njirirtiriii 


ri  vY^- 


I 


j  <*,<  O  j§S*lU— 


I 


,!•  J 


log  Z“A  is  determined  from  the  table  of  Professor  N.F.  Drozdov 
on  the  basis  of  the  basic  quantities: 


B'Y  B, 

't  -  -41°;  3  -  -4  2, 


where: 


B  - 


.*1* 


fuKf  r 


b'« 


B; 


■ 

A.  -T 


b; 

\ 

B, 


t  * 


-  *  -  *1 


K' 


where '7  -  — ,  and  Y„  -  t'As 

l|  w  1  1  1 

escaping  through  the  clearance; 


*av.  1  t  * 


.  .  I,,  is  the  quantity  of  gases 

clearance  K 


/  *  1 

*  u-  •  - 

Y  s 


»0  -  j(i  -  *) 


-  a(wv^-  Y)  -  a  u 


0  0 


f„  -  ^2:  A.-  ,D 


0 


‘D  /( 


1 

I 
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If  z  <  1,  we  have  a  real  pressure  maximum;  if  z  >1,  the  maximum 

■  n 

is  unreal,  and  in  this  case  the  highest  actual  pressure  will  be  the 
pressure  at  the  end  of  burning  pj,. 

B.  Second  Period. 

v2  -  — • 

"p  <?©»’ 

•  Ik  «'iK 

(if  *  — t  where  v  -  - — ; 

VK  ?» 

"?2  *  ix  vnp’ 

2  "^3  / 

’1 3  -(I  +X0>  vnpi  V-  -*i  b  -V1  +  4V: 
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On  the  basis  of  this  equation,  taking  definite  /Values  for  v  >  v^, 
we  find  first  the  values  for  the  left-hand  side,  and  then  the  correspond¬ 
ing;  values  for  the  path  of  the  projectile  t  .  Upon  constructing  a  diagram, 
we  find  by  interpolation  or  graphically  the  value  of  v^  corresponding  to 
the  value  of  and,  for  control  purposes,  check  the  computations  once 
more  at  t  •  vD« 

Or  else,  replacing  in  formula  (a),  v.  and  v  by  their  expressions, 

- *y  ~*l  1  * 

(  i.e.,  v.  -  - -  (1  +  b)  and  v«  •  —  (b  -  1),  we  find  l  with  the  aid  of 

1  2  1  2 

the  following  formula: 


b+1 


Computation  of  constants  (with  a  50-cm  slide  rule), 


f  w  679 ,OUO- 0.0072 

y  -  - - -  -  0.1192; 

fu  1120- 103  •  0.0366 


s'  -  6  -  s  .  -  0.5277  -  0.0082  -  0.5195; 

clearance 


s*I  0. 5195- 55- 9S. 1 
- K  . - -  824.5; 

(pH  3.4 


of  0.0366. 1120. 10; 
s  0.5277 


-  77,680; 


B’  - 


2  2  2 
8  I„ 

I  •  _ h 


0.5195  \  0.52772-552-98.1 


-  0.5747; 


f«<f«  \  0. 5277  J  1120*  10-0. 0366-3. 4 


'  B '  0  v  0.5747*0.15  .  „ 

B,  - - *X  •  - - - (~0.2o5)  -  0.2952; 


s  B’  0.5277  0.5747 

A  -  —  •  —  -  -  .  -  -  1.016- 1.947  -  1.978; 

S  s’  Bx  0.5195  0.2952 


Y„  -  f ’  * A  *  s  .  *1  -  0.666-0.0060.0.0082*55  -  0.00003277-55 

It  w  clearance  K 

-  0.001802; 


Y  0.001802 

1  -  —  - - -  0.04923; 

K  w  0.0366 


ki  -  Jt  -  *»jK  -  1.255  -  0.04923  -  1.2058; 
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,  —it*  *a**^**M*«»^*^^  *rt****W^*-**-ir  1WM«h 


B  0.2952 

4  -  _ _ 

kj  1.2058 


1  1  1 
-  0.2448;  —  -  a  -  -  0.85  -  _ 

S,  S  1*64 


-  0.2402; 


B  -v,  0.2952-0.1192 

v  -  *  A0  _  _  A 

i  -T9 -  - x -  “  °- 


2952-0.1192  0.0366 

- - -  -  0.02419;  - - - - - 

1.20582  $  1 -  64 


0.02232; 


W  0.720  t 

L  -  -2  -  -  -  1.364;  A  -  —  -  7.49;  A  -  — 


0.0366 


8  0.5277 


W0  0.72 


-  0.0508; 


*  -^i 


•=?\ 


1.255  -  0.04923 


■(  r  •  •) 


-  2x\ 


1  +  0-85.40,000 

1,  120,000 

4QOOO 

1  +  -  -0.2402 

,  1,120,000 


-  1.0257 


0.5747 


,5277 

,5195 


0 . 15^ 


+  0.510 


1+  __l£^oo_  .0 .2402 
1, 120,000 


>  1,  the  maximum  is  "unreal,"  and  the  maximum  pressure  will 
in  this  case  be  the  pressure  at  the  end  of  burning  of  the  powder. 
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!  Basic  formulas 

I _ 


rm  for  Computation  of  Ballistic  laments  ,  v , / ,  and  p)  for  first 

(Computation  *ith  50-cjr.  Slide-  Rule). 

,•  No'.  Operations 


v  -  - -  x  -  824. 5z 

<f  m 


2  v,  dm/ sec 


247.3  412.2  577.2  742.0 


-  0.2448 


X  -  1.255 
X\-  -0.255 


'y  -  xi  +  xXz' 


t 

Bi 

®  — *  z 
*1 


'V  -  xz  +  xXi2 
1  -  y 


0.07344  0.1224  0.1714  0.2203 


0.3765 

-0.0229 


0.3536  0.5638  0.7536  0.9229 

0.6464  0.4362  0.2464  0.0771 


8  1  -  IK-z 


16.5  27.5  38.5  49.5 


V  As  , 

,  clearance 


0. 0  3277 
4 


an  -  a  -  0.85; 


-  -  0.02232; 

U 

WQ  -  0.720; 


H  "  “  *0  -  6  *  ° 

-  a(tavy~  Y)  -  a.0] 

&  -  a(wvy-  Y)  +  -  • 
•  (1  -  )  +  ao wo 


-  VA-s  ,  *1  0.0-54  0.0-90  0.0o126  0,0„16 

>  clearance  3322 


0.0129  0.0206  0.0276 

0.0005  0.0009  0.0013 


0.0124  0.0197  0.0263 


0.0105  0.0167  0.0223  Q.027'1 

0.0144  0.0097  0.0055  0.001' 

0.0061  0.0061  0.0061  0.006 


•  _  yo  ~  a 


log  2 ~1  fro"  table  on  page  .q  1 

290  (of  the  origi-  iy  l0K  z 


0.0310 

0.0325  0.0339  0.0351 

0.6890 

. . .  J~  z 

0,6875  0.6861  0.684 

1.306 

1.303  1.300  1.298 

0.01813 

,0.03663  0.05759  0.080 

for  Computation  oi  Ballistic  Lements  v,/,  and  p)  for  First  Peno 
(Computation  with  50-cm  Slide*  Rule). 


End*of  burning 


2  v.  dm/ sec 


fl  m  — i  X 

ki 


(  +  )  I  kAz2 


-  kz  -f  xAz2 
1  -  f 


8  I  -  IK-z 


247.3  412.2  577.2  742.0  824.5 


0.07344  0.1224  0.1714  0.2203  0.2448 

_ _ _ 


0.3765  0.6275  0.8785  1.1295  1.255 

-0.0229  -0.0637  -0.1249  -0.2066  -0.255 


0.3536  0.5638  0.7536  0.9229  1.000 

0.6464  0.4362  0,2464  0.0771  0 


16.5  27.5  38.5  49.5 


C'A-s  ,  .  -I  0.0_54  0.0^90  0.0_126  0.0  162 

’  clearance  3  3  2 _ 


- 1 

0.0129  0.0206  0.0276  0.0338 

0.0005  0.0009  0.0015  0.0016 


55.0 


0.02180 


0.0366 

0.0018 


Ci  (<->4  -  y) 


14  (  +  ^1  <!-+> 


tv*o 


0.0124  0.0197  0.0263  0.0322  0.0348 


0.0105  0.0167  0.0225  0.0274  0.0296 

0.0144  0.0097  0.0055  0.0017  0 

0.0061  0.0061  0.0061  0.0061  0.0061 


0.0310  0,0325  0.0339  0,0352  0.03o7 


17  W0  -  a 


f  -  !s — 

V  B 


'0.6890  |0.6875  |0.6861  |0.6848  |  0.6843 


1.306  1.303  1.300  1.298  1.297 
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0.01813  0.03663  0.05759  0.08047  0.0928 
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* 
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V* 
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27.5 

38.5 
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55.0 

9 
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clearance 

0.0354 

0. 0^90 

0. 02 120 

0.0.,  162 

1 

0.0,,  iwu 

10 

11 

<-) 

(7 

0.012b 

0.0005 

0.0206 

0.0009 

0.0276 

0.0013 

0.0338 

0.0016 

0.0366 

0.0018 

12 

W 

-  Y 

0.0124 

0.0197 

0.0263 

0.0322 

0.0348 

13 

r 

a(cJ*j  -  y) 

0.0105 

0.0167 

0.0223 

0: 0274 

0.0296 

14 

(+)’ 

~  U-+) 

S 

0.0144 

0. 0097 

0.0055 

0.0017 

0 

15 

. 

a„u» 

[  o  o 

0.0061 

0.0061 

0.0061 

0.0061 

0.0061 

16 

a 

0.0310 

0.0325 

0.0339 

0.0362 

-  i 

0.0357 

—4  ,  ,  _  - 

*  _l 

'  ! 

17  W. 


18  t  - 


-  a 


Plfe  19  log  Z"1 
Igi- 


20  Aglog  Z'1 


21  Z-As 


22  j  /  -  * 

(  +  ) • (Z~As  -1) 
I  /sL 


124  t  +  1, 


25  (+)lx° 

26  (  k^z 


27  („)  xo  +  kiz 

28  Bjz2 


29  XQ  +  k‘z  -  B^z2 


30  p,  kg/cm2 


0.6890  jo. 6875  {0.6861  0.6848  J  0.6843 


1.306  1.303  1.300  1.298  1.297 


0.01813  0.03663  0.05759  0.08047  0.0928 


0.03586 

0.07245 

0.1139 

0.1592 

0.1835 

1.086 

1.181 

1.300 

1.443 

1.526 

0.1123 

0.2358 

0.390 

0.5750 

0.6822 

1.306 

1.303 

1.300 

1  £  298 

1.297 

1.418 

1.5388 

1.690 

ll  873 

1.979 

0.1192 

0.3617 

0.1192 

0.6029 

0.1192 

0.8440 

0.1192 

1.0852 

0.1192 

1.2058 

0.4809 

0.7221 

0.9632 

1.2044 

1.3250 

0.0266 

0.0738 

0.1446 

0.2391 

0.2952 

0.4543 

0.6483 

0.8186 

0.9653 

1.0298 

249.0 

327.0 

376.0 

400.0 

404.2 
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Computation  of  Second  Period 
Computation  of  Constants  for  the  Second  Period 

2  2fo  2*1, 120, 000* 0.0366 -9S.1 

v  -  - -  - -  «.  15,770,000; 

UP  <f>8m  0.15 '3. 4 

»  0.04923 

■7..  -  —  -  ~7To -  0. 0.5971 ; 

'K  v  824*0  4  * 

K 

2  *  v2p  -  Q. 0^971*  1577*  104  -  941.6; 

2  4 

"7 3  -  (1  +'X'Q)  v0p  -  1.1192*1577-10  -  17,650,000; 


17,650,000 
941. G2 


19.91; 


b  -  \/l  +  4£  -  \/l  +  4*19.91  -  8.978; 

"7  2  -941.6 

v  - - (1  +  b)  -  -  (1  +  8.978)  -  -4698; 

1  2  2 


T?  941.6 

Vo  -  —  (b  -  1)  -  -  •  7*978  -  3756; 

z  2  2 


b  +  1 
b 


9.978 

8.978 


1.111; 


b  -  1  7.978 

b  "  8.978  **  0*8886 ; 

*  1  0.5277  1_ 

s’  6~  0.5195  0.15  *  6‘77 

7k  0.04923 

7Z  "  “82T5~  "  0.00005971,. 
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Basic  formulas 


vlM 
*;♦» ) 


Form  for  Computation  of  Elements  for  Second  Period 


Operations 


-Yu Hi  ' 

\vk  _  viy 


-  -  I2  (1  +  b) 
1  2 


-  -4698 


-  824.5 


b  +  1 


-  1.111 


Muzzle  face 


1200  1600  1800  2052 


-4698  -4698  -4698  -4698 


5898  6198  6498  6750 


824.5  824.5  824.5  824.5 


-4698  -4698  -4698  -4698 


5522.5  5522.5  5522.5  5522.5 


1.068  1.122  1.176  1.222 


0.0285  0.0500  0.0704  0.0871 


0.03  1  6  6  0.05  5  5  5  0.07821  0.09  6  8 


1.076  1.137.  1.198  1.249 
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Basic  formulas 


v  -  -T.  (b.  -  1)  -  3756 
2 


b  -  1 


-  0.8886 


~  -  6.77 


(cont  *d) 


No,  Operations 


13  v  -  v. 


Muzzle 

face 


1200  1500  1800 

+3756  3756  3756 


-2556  -2256 


824.5 

3756 


824.5 

3756 


-1704 


824.5 

3756 


-2931.5 

-2931.5 

-2931.5 

0.7696 

0.6672 

0.5813 

1.8862 

1.8242 

1.7644 

-0.1138 

-0.1758 

-0.2356 

-0.1011 

-0.1526 

-0.2094 

1.8989 

1.8438 

1.7906 

0.7923 

0.6979 

0.6175 

0.9008 

0.8361 

0.7712 

1.9546 

-0.0454 

1.9223 

-1.0777 

1.8872 

-0.1128 
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(cent ’d) 


Basic  formulas 


>;  *  <• 


l'x  -  1.297 


23  55logr-: 


24  si 


s'  6  *** 


Muzzle 

face 


•0.1435  -0.3073  -0.5260  -0.7626 
1.8565  1.6927  1.4740  1.2364 


0.7186  0j.  4928  0.2979  0.1724 


K  *  \  ~  1*297  +  °‘( 


-  1.979 


Vo  "  °*1192 


^  -  0.045971 


25  ?1  * 


27  ps*  • 


/j... 


28  J 


29  l[+  i 


1.979  41.979  1.979  1.979 


2.754  4.016  6.643  11.479 


1.297  1.297  1.297  1.297 


1.457  2.719  5. 346  10.182 
2.754  4.016  6.643  11.479 


30  1  +*o 

,  v  IK  . 


1.11.92  1.1192  1.1192  1.119? 


0.0716  0.0896  0.1075  0.1225 


1  +  Y„  -  -JK..V  1.0476  1.0296  1.0117-  0.9967 


fu* 

—  -  77,  680 

s 


33  ~. .. 

.  Np 


0.0913  0.1427  0.2055  0.2671 


- 


0.9563  0.8869  0.8062  0.7296 


35  p,  kg/cm 


270  172  94.0  49.0 
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CQ 

6.8 

6.17 

6.53 

9.25 

Ct 

3.13 

12.6 

34.1 

33.1 

A 

0.028 

0.061 

0.151 

0.140 

P« 

300 

450 

850 

1000 

u>/q 

0.0053 

0.0129 

0.0387 

0.0281 

Vd3 

1.29 

1.31 

1.67 

1.87 

3 

r 

10.3 

11.2 

11.45 

11.05 

L  .d 

KH 

Pav 

*n  -  »T* 

D  p. 

0.195 

0.286 

0.530 

0.457 

W  /q 

0.190 

0.212 

0.256 

0.202 

0 

Vd 

1.64 

1.66 

2.13 

2.37 

*;  <•> 

0.67 

0.56 

0.64 

0.64 

ad 

4.15 

7.50 

4.53 

3.87 

SECTION  TWELVE-GUNS  WITH  CONICAL  BORE 

INTRODUCTION 

Guns  with  a  c'onical  bore  had  boon  proposed  as  experimental  models 
as  far  back  as  the  1870's,  After  the  First  World  War,  the  German 
engineer  Herlich  conducted  firing  tests  from  a  rifle  with  a  conical 
bore.  In  these  tests,  there  was  obtained  an  initial  bullet  velocity 
that  was  considerably  higher  than  the  usual  velocity,  as  a  result  of 
which  the  armor-piercing  effect  wat  sharply  increased. 

In  the  course  of  the  Second  World  War,  use  was  made  in  the  German 
army  of  conical  guns  of  various  calibers,  which  were  employed  princi¬ 
pally  as  antitank  artillery.  The  following  guns  were  used:  an  antitank 
gun  with  a  28-mm  entrance  caliber  and  a  20-mm  exit  caliber  (28/20), 
giving  a  projectile  velocity  of  1400  m/sec;  a  42/28  antitank  gun  of  the 
same  type;  and  a  75/55  cylindrical-conical  gun  (v^  -  about  1250  m/sec), 
whose  barrel  consisted  of  a  75-m*  rifled  cylindrical  tube  of  the  usual 
type,  followed  by  a  smooth  conical  part  with  the  diameters  75/55,.  and  a 
smooth  cylindrical  end  piece  of  55-mm  caliber.  The  projectile  had  two 
skirt  bands:  a  thinner  directing  band  in  front  and  a  thicker  rotating 
band  in  the  rear.  A  section  through  the  armor-piercing  projectile  for 
the  75/55  gun  is  shown  in  fig.  173. 

Firing  from  a  conical  barrel  is  in  principle  analogous  to  firing 
from  an  ordinary  gun  with  a  subca)iber  projectile.  For  this  reason, 
we  shall  discuss  at  the  outset  the  possibility  of  increasing  the 
velocity  of  the  projectile  by  reducing  its  weight  through  a  transition 
to  a  subcaliber  model. 
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Fig.  173  -  Armor-Piercing  Projectile  for  75/55  Conical  Cun. 

In  recent  years,  and  especially  during  the  Great  Patriotic  War, 
atteapts  have  been  aade  to  Increase  the  armor-piercing  ability  of  the 
projectile  by  increasing  its  velocity  through  a  reduction  in  its  weight. 

Let  us  determine  to  what  extent  the  velocity  of  a  projectile  in  a 
given  gun  will  change  at  a  predetermined  maximum  pressure  p  if  the 
weight  of  the  projectile  q  is  changed. 

For  an  ordinary  projectile;  let  us  designate  its  weight  as  q',  its 
initial  velocity  as  v^,  the  pressure  impulse  of  the  powder  as  1^,  and 
the  thickness  of  the  powder  as  2e^  «•  I^*2u^.  Let  the  new  weight  of  the 
projectile  be  q"  <  q * ;  the  problem  is  to  determine  the  changed  velocity 


We  have  the  simplest  case  by  accepting  the  conditions  that  p^  and  a 
(or  u>)  remain  unchanged. 

From  the  formula  for  the  second  period,  we  have: 


2  i 

<pqv  0  (A  +  1  -  aA) 

_ D_  jL  K  _ 

2gfu> 


(Ad  +  1  -  aa) 


0 


B0 

2 


i  -  -a  -  *0v 


u  i  - 


%  + 1 


-  aA) 


0 


(43) 
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V 

max 


V 

max 


+  C  «*> 
1 


q  VD  +  C1W 


t 

q 


Since: 


<  <p  q  , 


it  follows  that: 


V  :  V 
max  max 


<  1. 


Consequently,  in  adopting  a  light-weight  type  projectile  while 
retaining  the  same  weight  of  the  charge,  in  spite  of  the  increase  in 

the  velocity  of  the  projectile,  the  maximum  recoil  velocity  decreases, 
so  that  the  load  on  the  gun  mount  also  decreases. 

Thus,  the  obtaining  of  increased  projectile  velocities  by  re¬ 
ducing  the  weight  of  the  projectile  is  a  fully  justified  and  practically 
realizable  measure. 
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Let  a  projectile  with  a  weight  coefficient  c  -  15.0  nave  v  - 

Q  D 

-  1000  m/sec  at  w/q  -  0.45.  If  -  1.03  +  I  <f>*  -  1.18. 

3  q 

We  adopt  a  light-weight  projectile  with  a  weight  coefficient  c"  - 

Q 

“7.5  -  i  c'.  Then  <-»/q"  «  0.90,  <f"  -  1.03  +  A  *0.90  -  1.33. 

*  q  3 


v"  -  1000  \  .  Ail2  -  1000*1.33  -  1330  Bi/sec, 

D  V  1.33  7.5 


If  "V  *  130,  then: 


-  130  — -  -  115.3  tm/kg; 
1.33 


M  1 

I  — —  -  0.752. 
K  1.33 


Thus,  if  the  weight  of  the  projectile  is  halved,  the  velocity  in 
the  case  under  consideration  increases  by  33%,  and  the  thickness  of 
the  powder  decreases  by  25%  (the  same  p  and  A  being  retained). 

B 

Let  us  consider  the  condition  on  the  basis  of  which  it  is  possible 
to  determine  the  weight  of  the  projectile  necessary  to  obtain  a  pre- 

•t 

determined  vD  in  firing  from  a  given  gun. 

From  the  condition  (45),  we  have: 


a  + 

b 

CO 

JL 

q' 

aq’ 

+ 

bu> 

a  + 

b 

to 

q" 

aq" 

* 

bt~> 

q 
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From  this,  we  obtain: 


(48) 


t 


F-TS-7327-RE 


969 


'CHAPTER  1  -  FUNDAMENTAL  CHARACTERISTICS  AND  B  ALL  I  STIC 
v  properties'  or  BAKKLLWITH  CONICAL  bjju. 

x  In  order  to  slowly  lose  velocity  in  flight,  a  projectile  must  be 
"heavy,"  i.e.,  must  have  the  greatest  possible  weight  coefficient  c^  - 
»  q/d  or  transverse  load  q/s.  In  order  to  attain  a  predetermined 
initial  velocity  in  the  bore  after  as  short  a  path  as  possible,  a  pro¬ 
jectile  must  be  "light,"  i.e,,  must  have  the  smallest  possible  weight 

H 

coefficient  c  •. 

“  i 

These  two  mutually  contradictory  requirements  mjike  it  possible 

“V 

to  reconcile  barrels  with  a  conical  or  cylindrical-conical  bore. 

Let  ,dg  be  the  entrance  caliber  of  the  conical  bore  and  d^  its 

exit  caliber,  where  dD  <  dQ.  In  such  a  bore,  the  projectile,  by 

having  with  respect  to  the  entrance  caliber  a  small  coefficient  c  - 

*0 

4%  4% 

•  q/d^  and  always  retaining  it  smaller  than  c  -  q/d**  until  it  is 
■  0  qD  D 

ejected  from  the  bore,  will  acquire  a  predetermined  velocity  v^  after 
a  considerably  shorter  path  than  a  projectile  of  the  same  weight  in  a 
cylindrical  bore  with  a  caliber  dQ  equal  to  the  exit  caliber  of  the 
conical  bore;  but,  as  this  projectile  is  ejected,  it  will  already  have 
a  large  weight  coefficient  cfl  *  q/d**  with  respect  to  the  exit  caliber 


dD  and  will  be  advantageous  for  flight  in  the  air. 

The  solution  of  the  problem  of  the  clarification  of  the  fundamental 
ballistic  properties  of  a  conical  bore  must  be  sought  in  a  comparison 
of  cylindrical  guns  of  different  calibers  firing  a  projectile  possessing 
a  given  weight,  and  this  problem  is  easily  solved  by  theoretical  means. 

As  a  matter  of  fact,  it  is  known  from  the  general  relations  en¬ 
countered  in  ballistic  design  that,  at  identical  A,  <->/q,  P  -/.and  v  , 

m  0 

the  lengths  of  the  bore  and  of  the  chamber  / ,  expressed  in  calibers, 
and  the  thicknesses  of  the  powder  in  relation  to  the  caliber  are  pro¬ 
portional  to  the  projectile-weight  coefficients  c  ,  and  the  absolute 
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values  of  the  same  quantities  are  proportional  to  the  values  for  q/s 
(transverse  load). 

The  fundamental  relations  of  internal  ballistics  for  cylindrical 


bores  give: 


*0  f 

7]  1 

la  -  r')  * 


it  follows  that,  at  predetermined  pK  and  4,  the  quantity  B  -  const, 

and  at  a  predetermined  <Vq,  the  quantity  ^  is  also  constant.  Consequently, 

the  relative  pressure  impulse  is  likewise  proportional  to  the  weight 
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coe ffic lent  c 


q* 

The  larger  the  caliber  of  a  gun  at  a  given  weight  of  the  projectile, 
the  smaller  is  3^/ d  and  the  thinner  is  the  powder  necessary  to  ensure 

attainment  of  the  same  maximum  pressure  p  in  the  presence  of  the  same 

m 

charge. 

It  further  follows  from  this  that  the  absolute  values  of  lQt  l p, 
and  1^  are  directly  proportional  to  the  transverse  load  q/s. 

The  relation  between  c  and  q/s  for  the  entrance  and  exit  calibers 

q 

will  be  expressed  as  follows: 


Since  usually  d^dQ  -  1.35-1.40,  it  follows  that: 


Consequently,  at  -  1.4,  a  projectile  of  a  given  weight  will 

attain  a  predetermined  velocity  in  a  cylindrical  gun  of  caliber 
after  traversing  a  path  nearly  twice  as  short  as  in  a  similar  cylindrical 
gun  of  caliber  dQ. 

At  a  given  chamber  volume,  both  the  bore  voliynes  and  the  quantities 
Ad  will  be  identical.  At  a  given  p^,  the  p-A  and  v-A  curves  will 
coincide. 
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If  now,  while  retaining  the  weight  of  the  projectile,  the  chamber 


and  bore  volumes,  and  consequently  alsoA^  -  constant,  a  gradual 

transition  is- made  in  cylindrical  guns  from  the  larger  to  the  smaller 

caliber,  the  lengths  of  the  chambers  and  bores,  as  well  as  the  weight 

coefficients  c^,  will  gradually  increase.  Since,  in  this  connection, 

A,  q,  i->/q,  P  >  and  v  remain  the  same,  it  follows  that,  for  such  cy- 
n  D 

lindrical  guns,  the  v-A  or  v-W  curves  coincide  not  only  for  and 

c  ,  but  also  for  all  intermediate  calibers  and  c  . 
qD  q 


This  is  a  fundamental  property  of  ballistically  similar  guns  of 

different  calibers,  which  makes  it  possible  to  explain  the  properties 

of  the  v-(  and  p-|  curves  for  a  conical  barrel. 

As  a  matter  of  fact,  in  a  conical  barrel  of  the  same  volume,  with 

the  same  chamber  volume,  and  with  the  same  value  for  AD  -  there 

is  accomplished  a  continuous  transition  from  a  cylindrical  barrel  with 

q 

the  initial  entrance  caliber  and  c_  ■  —  to  a  cylindrical  barrel 

0  Q0  *3 

with  the  exit  caliber  d  and  c  -  q/d^.  Since  there  has  already  been 

A** 

established  the  identity  of  the  curves  for  the  velocity  of  the  projectile 
as  a  function  of  A  -  w/w^  *or  *11  cylindrical  barrels  with  gradually 
diminishing  calibers,  it  is  possible  to  conclude  that,  at  a  given  weight 
of  the  projectile,  the  velocity  curve  v-A  for  the  conical  bore  at  the 
same  A,  <p,  and  p  will  coincide  with  the  same  curves  for  all 

cylindrical  barrels  of  various  calibers,  but  having  the  same  volume. 

This  is  one  of  the  fundamental  assumptions  made  by  us  with  regard 
to  the  ballistic  properties  of  a  conical  bore.  At  the  same  volume  of 
the  bore  and  of  its  working  part,  its  length  is  smaller  than  the  length 
of  a  cylindrical  bore  of  caliber  dD  and  greater  than  the  length  of  a 
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similar  bore  of  caliber  d  .  This  is  clear  from  the  sketch  presented 

^  * 

in  fig,  174. 


Fig.  174  -  Sketch  of  Conical  and  Cylindrical  Bores. 

As  will  be  shown  subsequently,  the  pressure  curve  in  the  conical, 
bere  as  a  function  of  relative  volume,  will  not  coincide  with  the  pres¬ 
sure  curves  for  the  same  bores  having  a  cylindrical  shape;  after  reach 
lag  the  maximum,  this  curve  will  be  disposed  higher  than  the  p~A  curve 
for  cylindrical  bores,  and  the  end  of  burning  at  the  same  maximum 
pressure  will  occur  earlier  in  the  conical  bore  than  in  the  cylindrical 
one: 


lr  ^  ^  K 
*COO.  K' 


1.  DESIGNATIONS  AND  GEOMETRIC  CHARACTERISTICS  OF  CONICAL  BORE. 


Entrance  caliber ............. 

Exit  caliber . . 

Angle  of  conicity . 

Length  of  path  of  projectile.. 
Total  length  of  cone . 

Total  volume  of  cone  to  apex.. 
Volume  of  working  part  of  cone. 
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Total  bore  volume  including  chamber . W  -  W  + 

Total  relative  volume  of  conical  bore...A  „  *D 

D  — 

*0 


Fig.  175  -  Geometric  Data  of  Conical  Bore. 

Let  us  introduce  the  relative  diameter  y  -  d/dg.  All  remaining 
characteristics  are  expressed  very  simply  as  functions  of  this  quantity: 

*  ^-i  i 

j  m  -  -  -  m  1  -  - . 


From  this: 


/-yi-y);  JD  -  y1  -  yD>: 


*  *  \2  2  Sav.  1  +  1  +  * 

—  -  —  )  -  >’  ;  -  -  - 

8o  \du  J  so  3 


/ 1  +  y  +  y  \  s0h 

W  -  sQ  (  - —  j  l  -  - Cl  +  y  +  y2)(l  -  y)  - 


“oV.  3  >  w  / 1  3 

3  con,  *  /} 


.  *D  “ohK  3  hK  ,,  3  ” 

ad  -  —  -  T—Ta  -  yD>  *  rr(1  '  »o)- 
*0  3s0  0  0 
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Since  we  shall  subsequently  adopt  A  -  W,  Vi y  as  the  uUept*ndenl 
variable,  we  find  as  a  function  of  the  latter: 


where 


A  “  ^  .  / *n* 

con.  con.  o 

The  remaining  quantities, 


as  previously,  are  expressed  in  terms 


of  y: 


.  2  1  +  y  +  y 

'*  hK(l  -  >>;  *  -  s0y  ;  say_  -  sQ  - j - 


The  system  of  equations  for  the  conical  bore  differs  in  no  way 
externally  from  the  equations  for  the  cylindrical  bore;  only  the  value 
for  the  cross-sectional  area  s  entering  ihto  the  equations  is  variable, 
and  this  complicates  the  solution  of  the  problem. 

For  an  exact  solution,  it  becomes  necessary  to  resort  to  the 
method  of  numerical  integration  or  resolution  into  a  series. 

However,  the  coincidence  of  the  projectile-velocity  curves  as  a 
function  of  A  for  the  conical  and  cylindrical  bores  makes  it  possible 
approximately,  but  with  a  sufficient  degree  of  precision,  to  solve 
the  problem  for  the  conical  barrel  in  the  final  form  by  introducing 
an  average  value  f_*r  s  (which  is  possible  in  the  presence  of  a  slight 
conic! ty) . 

In  this  connection,  we  take  for  comparison  a  cylindrical  barrel 
with  a  caliber  equal  to  the  entrance  caliber  dy  and  with  the  same 
system  characteristics: 

Vqi  q ,  —  |  ^  ,  o ,  I ,  f,  o,  5 ,  6  and  p  y  • 

q 
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Let  us  *rite  down  the  system  of  fundamental  relations. 

spdt  «  cpmdv . .  ...  (1)  Equation  of  motion; 

de  -  u^pdt  . «, .  (2)  Law  of  burning  rate; 


p(W^  +  W)  -  fu>^  -  ^ 

2 


(3)  Equation  of  transformation  of  energy, 


Solving  (3)  with  respect  to  p,  and  introducing  A  and  A^,  we  obtain: 


- 


p  »  fta 


-  fA 


nP 


+  w 


A 


(49) 


where: 


1  -f-(a  -ii** 


- I  i  - 


-  l  - 


2 

3 


0  \  con.  /  \  "'con. 

is  the  dependence  of  the  cross-sectional  area  upon  the  relative  bore 
volume; 

w  S0hK  SU  d0  A 

*  -  - 1  - - cot  0. 

con.  3  32 


S'  -  H'o  +  xGoX  +  (*> 

is  the  law  of  inflow  of  the  gases. 

From  (1)  and  (2),  as  usual,  we  obtain: 

sde  -  u^mdv; 


s  e,  si 

1  K 

d v  - dz  -  - —  dx« 


(50) 
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>  - - - - - — ^rtiiiKngtirtii  niTim 


In  contrast  with  the  cylindrical  barrel,  in  this  case  s  is  a 

* 

variable  which  is  not  directly  connected  with  either  x  or  v;  but  the 
property,  assumed  above,  of  the  coincidence  of  the  v  -  f(A.)  curves 


for  the  cylindrical  and  conical  barrels  at  equal  p^,  W^,  and makes 
it  possible  to  establish  s  as  a  function  of  v  for  the  conical  bore 
with  the  aid  of  the  v  -  f  (A)  curve  obtained  for  the  cylindrical  barrel. 

By  introducing  into  equation  (50)  the  quantity  for  the  entrance 
cross  section  s^,  integrating,  and  taking  s/s^  on  the  right-hand  side 
outside  the  integral  sign  in  the  form  of  an  average  value,  we  obtain: 


8^1*.  8 
OK  av. 

▼  - - x. 

CpflS  Sn 


(51) 


For  the  cylindrical  barrel  with  the  same  cross  section  Sq,  we 
have  the  usual  relation  (in  which  all  elements  are  marked  by  '): 

S0JK  , 

v’  -  -  x*. 

tpm 

<f  and  I  being  the  same  as  in  the  preceding  equation.  Since  for  a 
K 

given  value  of  A: 


it  follows  that: 


x  -  x ' 


>  X  * 
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It  is  st*e%  from  this  that,  at  one  and  the  saw  value  of  v  for 
the  conical  and  cylindrical  bores,  and  at  the  same  values  of  and 
<f,  the  relative  thickness  of  the  burnt  powder  x  for  the  conical 
barrel  is  greater  than  the  corresponding  quantity  x'  for  the  cylindrical 
barrel:  x  >  x*.  Consequently,  on  the  basis  of  formula  (49),  there 
follow  the  relations  stated  below. 

(a)  For  a  conical  barrel  with  a  variable  cross  section  from  sQ 


to  s  • 
D 


2 

v 


+  A  ’ 


s 


D 


(b)  For  cylindric 
const: 


al  bores  with  a  cross  section  s 


0 


const  or 


Since,  from  (52),  x  >  x';  from  (*),  >  vj/  andA^A^I  *nd  v“ 

-  v'  and  A"  A')  it  follows  that  p>  p'. 

We  obtain  the  following  fundamental  conclusion,  which  characterizes 
the  ballistic  properties  of  the  conical  barrel:  under  identical  loading 
conditions  (WQ,  w/q,  a,  IK>,  and  In  the  presence  of  identical  values 
for  the  working  volume  W  and  the  projectile  velocity  v,  the  burnt  part 
of  the  charge  ^  and  the  gas  pressure  are  greater  in  the  conical  barrel 
than  in  the  cylindrical  bore  with  the  cross  section  Sq.  The  diflerence 
is  the  greater  the  greater  the  conicity  of  the  bore. 
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Fig.  176  -  p-W  Pressure  Curves  for  Conical  Bore. 

Consequently,  under  loading  conditions  identical  with  those  in  a 
cylindrical  barrel  with  the  same  Wq,  W^,  and  s^,  the  gas-pressure  curve 
in  a  conical  barrel,  expressed  as  a  function  of  W,  has  a  more  progressive 
character  than  in  the  cylindrical  barrel;  and  since  the  average  pressure 
in  the  former  is  greater  than  in  the  latter,  the  end  of  burning  of  the 
powder  will  occur  in  the  former  sooner,  at  a  smaller  A^,  than  in  the 
latter. 

2.  RELATION  OF  POWDER  THICKNESSES  IN  CONICAL 
AND  CYLINDRICAL  BORES  UNDER  EQUAL  MAXIMUM 
PRESSURES. 

It  has  been  shown  that,  at  identical  entrance  calibers  d^,  under 
identical  loading  conditions  (A,  w/q,  W^),  and  at  identical  magnitudes 
of  the  pressure  impulse  1^,  the  gas  pressure  in  a  conical  bore  exceeds 
that  in  a  cylindrical  bore  because  of  an  increase  in  the  burnt  part  of 
the  charge  'V  *“  H'q  +  x*  And  since  the  ballistic  properties  of  the 
barrels  must  be  compared  at  the  identical  maximum  pressure  p^,  it 
follows  that,  without  altering  the  other  loading  conditions,  it  is 
possible  to  obtain  identical  pressures  in  both  bores  as  a  result  of 
a  change  in  the  impulse  1^. 
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Let  us  determine  the  relation  between  the  pressure  impulses  (or 

powder  thicknesses)  for  a  conical  barrel  with  the  calibers  and 

and  for  cylindrical  barrels  with  the  same  calibers. 

For  cylindrical  barrels  of  different  calibers,  at  a  given  weight 

of  the  projectile  and  at  given  p  and  A,  Bn  -  B-,  from  which: 

*1  o  u 

S0IK0  “  SD*IKD' 


The  greater  the  caliber  the  smaller  I^. 


KO 

lKD 


D  2 

—  y  ; 

5o 


KD 


KO 


KO 

yl 


To  start  with,  we  shall  find  the  relation  between  I  for  the  conical 

barrel  and  I  for  the  cylindrical  barrel  of  caliber  d  .  Let  us  de- 
&  u  u 

termine  how  the  quantities  x  and  vary  as  a  function  of  v  in  the  conical 
and  cylindrical  barrels  if  the  caliber  is  dQ. 


For  Cylindrical  Barrel 


x '  - 


m 

S0IK0 


For  Conical  Barrel 


<f>m 


soh  sav . 


>  x* 


‘0 


In  this  connection,  as  v  increases  and  s  .  /sn  decreases,  the  difference 

’  av.  0 

x  -  xr  grows  uninterruptedly. 

In  fig.  177,  x'  and  x  are  shown  as  functions  of  v.  x’  -  v  is  the 
straight  line  o’bx';  x  -  v  is  the  curve  o'ax  with  the  sane  tangent  o'bx' 
at  the  start  of  motion  of  the  projectile  at  v  -  0. 
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;  _  I 

1 


Fig.  177  -  Diagram  of  Variation  of  x  in  Conical  and 

Ordinary  Bores. 

}  *  f  9 

For  a  given  value  of  v  at  identical  values  of  A  ,  x  >  x  ,  a.  > 

®  h  m  m  *  m 

t  I  t 

»  P_  >  P  *  order  to  obtain  p  -  p  ,  it  is  necessary,  by  changing 
the  pressure  impulse,  to  lover  the  curve  o'ax,  equating  the  intensities 
of  gas  formation  for  the  cylindrical  and  conical  bores  over  the  segment 

from  0  to  v ' . 

m 

Let  us  consider  a  powder  with  a  constant  burning  area: 

*  "  y0  +  x. 

It  is  not  difficult  to  see  that  the  tangent  of  the  angle  of  slope 
of  the  lines  characterizes  the  intensity  of  gas  formation.  As  a  matter 
of  fact: 

dx  d^  d*  dt 
dv  dv  dt  dv* 

but:  , 

dv  sp 

dt  <f  m 

Consequently: 
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dv  sp  dt  s  - 

982 


whore: 


1.4: 


d 


For 


0 


10  - 


t  ^  — L.*a.03J1(.rt;  Iv  -  1.03  -JL_i  -  0.5271  •, 

sD  K  KO  o,97  Ky  K  1.96  KO  KD' 


1,96;  I..  -  I, 


For  a  *  10: 
con. 


y  -  0.983. 

' * 


Consequently,  in  order  to  obtain  an  identical  maximum  pressure  p  , 

i  ® 

the  thickness  of  the  powder  in  the  conical  barrel  (d^/d  »  1.4)  must  be 

a  little  greater  (by  3%)  than  the  thickness  of  the  powder  for  the  cy¬ 
lindrical  barrel  of  caliber  d^,  which  is  equal  to  the  entrance  caliber 
of  the  conical  bore. 

It  must  be  considerably  thinner  (by  nearly  50%)  than  the  thickness 
of  the  powder  for  the  cylindrical  barrel  of  caliber  dQ  (at  the  same  Wn, 


0; 


A  ,  and  <->/ q  )  : 


IK0  <  3K  *  IKD* 


For  this  reason,  it  As  erroneous  to  compare,  as  is  sometimes  done, 
a  conical  barrel  and  a  cylindrical  barrel  of  caliber  with  the  same 
powder  thickness  selected  for  this  cylindrical  barrel;  in  this  case, 
the  maximum  pressure  in  the  conical  barrel  will  be  obtained  several 
*  times  lower  than  in  the  cylindrical  barrel,  and  the  powder  will  not 
even  burn  to  the  end. 

3.  RELATION  OF  LENGTHS  OF  BARRELS  WITH  CONICAL  AND 

CYLINDRICAL  BORES. 

Since  the  projectile  is  ejected  from  the  conical  bore  while  having 
a  caliber  dD  at  a  normal  cqDI  which  ensures  its  attaining  the  prede¬ 
termined  range  and  speed  of  encounter  with  an  obstacle,  the  ballistic 
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characteristics,  oi  the  conical  barrel  should  be  compared  with  those 
for  a  cylindrical  barrel  having  a  caliber  d^,  which  is  equal  to  the 
exit  caliber  of  the  conical  bore. 

At  the  same  A,  <->/q,  Pm,  and  v  ,  the  working  volumes  of  the 
bores  will  also  be  equal. 

Let  us  determine  the  relation  between  the  lengths  of  the  path 
in  the  conical  bore  and  in  the  cylindrical  bore  of  caliber 


From  the  condition  of  equality  of  working  volumes  we  have: 


f  - 

D 


,(D) 
SD  D 


-  s 


i  +  yD  +  yD 


0 


or: 


i  -  /<D)  !s 

4d  d 

s 


-  / 


0  1  +  yD 


+  yl 


(D) 

D 


3y 


D 


1  +  yD  +  yD 


The  relative  diminution  in  the  length  of  the  conical  bore  is: 

,<■»_  , 

*  r\  1  rw 


SI 


D 


1  +  y  -  2y2 
D  D 


(D) 


(D) 


1  +  rD  +  yD 


d  28 

At  the  ratio  _  „  —  .  1,4: 
dD  20 


yD  -  0.715;  y*  -  0.511; 


_  1.715  -  1.022 

rD)  1.715  +  0.511 
D  ^ 


0.311,  or  31.1%. 
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1.36?.: 


yD  ‘  0.734;  yD  -  0.539; 


5/d  1.734  -  1.078  0.656 

m  I,, m  .  — .—  i 

.CD) 

/  1.734  +  0.539  2,273 

D 


0.2885,  or  28.9%. 


With  respect  to  the  length  of  the  conical  barrel,  the  difference 
in  length  will  give  the  following  lengthening: 


(D) 

*  D  D 


1  +  yD  "  2yD 


For  28/20: 


<5/d  0.693 

/D  3*0.511 


-  0.452,  or  45.2%; 


for  75/55: 


&lD  0.656 

/  3*0.539 

D 


0.405,  or  40.5% 


Conclusion.  At  the  same  chamber  and  bore  volumes  W^,  W^,  and  W^, 
and  under  the  same  loading  conditions  (q,  to,  a,  u>/q),  a  conical  barrel 
d^/dp  as  compared  with  a  cylindrical  barrel  of  a  caliber  d^  equal  to  the 
exit  caliber  of  the  conical  barrel,  must  give  at  existing  ratios  d^dp  “ 
-  1.4  the  same  initial  velocity  vD  and  the  same  maximum  pressure  with  a 
length  of  path  of  the  projectile  reduced  by  about  30%  and  with  a  powder 


F-TS-7327-RE 


thickness  reduced  in  the  following  ratio: 


The  reduction  in  length  constitutes  the  principal  advantage  of  a 
conical  barrel in  comparison  with  a  cyl indr ical  barrel  at  equal  exit 
calibers.  This  advantage  possesses  particular  importance  at  high 
initial  velocities  of  the  projectile,  when  an  excessively  great  length 
(about  150  d)  is  obtained  for  the  cylindrical  barrel,  which  makes  the 
gun  inconvenient  for  combat  use  and  for  transport.  Moreover,  great 
length  combined  with  a  small  diameter  results  in  sagging  of  the  barrel 
and  vibration  during  firing. 

4.  CON'S  I  DERAT  I  ON  OF  SECONDARY  WORK  IN  CONICAL  BORE. 

The  comparison  between  the  ballistic  characteristics  of  the  conical 
and  cylindrical  bores  presented  above  was  conducted  on  the  assumption 
that  the  coefficient  ,  which  takes  into  account  the  secondary  work, 
is  identical  in  the  two  cases.  As  a  matter  of  actual  fact,  the  .gun 
with  a  conical  bore  has  a  number  of  features  which  reflect  themselves 
in  the  magnitude  and  character  of  the  secondary  work. 

The  principal  features  include  the  following: 

(a)  The  motion  of  the  charge  gases  and  of  the  as  yev  unburnt  part 
of  the  charge  takes  place  in  a  bore  with  a  cross  section  which  continu¬ 
ously  decreases  in  the  direction  of  motion  of  the  projectile. 

(b)  There  occurs  a  continuous  deformation  of  the  rotating  bands  of 
the  projectile,  which  causes  an  equally  continuous  increase  in  the 
resistance  forces  until  the  projectile  passes  through  the  minimum  cross 
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section  of  the  bore. 


For  the  coefficient  of  secondary  work  t|>  ,  we  shall  adopt  the 

following  general  expression:  cp  -  a  +  b„  The  first  feature  must 

*  ft,  ft  q 

he  reflected  in  the  coefficient  b^,  which  may  be  of  considerable  im¬ 
portance  at  high  projectile  velocities  and  at  large  at  which,  in 

q 

fact,  it  Is  alone  advantageous  to  employ  conical  barrels. 

The  second  feature  must  be  reflected  in  the  magnitude  of  the  term 

a„.  which  takes  into  account  the  resistance  forces  developed  during 
Jt 

the  deformation  of  the  bands,  these  forces  increasing  continuously  and 
retarding  the  motion  of  the  projectile  in  considerably  greater  measure 
than  is  the  case  in  a  cylindrical  bore.  Simultaneously  with  this,  there 
occurs  an  increase  in  the  part  of  the  work  expended  in  the  conical  barrel 
to  overcome  friction  over  the  ever-increasing  area  of  contact  between  the 
bands  of  the  projectile  and  the  bore. 

While  in  small-arms, ,  where  the  entire  lateral  surface  of  the  bullet 
cuts  itself  into  the  rifling  grooves,  a  -  1.10  instead  of  1,03  for 
artillery  guns,  in  the  conical  barrel  must  be  still  greater. 

For  a  cylindrical  barrel  without  chamber  widening: 


For  a  cylindrical  barrel  with  a  chamber  widening  - 


3  A+  l' 


where  A  -  ~  is  the  current  value  of  the  volumetric  expansion  ratio. 

0  1  1 

As  the  projectile  moves,  b  varies  from  b  -  -  at  the  start  of  the 

0  3  X 


% 


VUet*”** 
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A  4.  * 

I  D  x 

motion  at  A  -  U  to  b,  -  ----  —  •  whore  b,  >  b  >  b  ,  ami  auproacnes  1,  3 

U  3  A  +  i  lJ  0* 

D 

as  Ap  increases. 

In  deriving  the  formula  for  b  with  consideration  of  chamber 

X. 

/ 

widening,  the  following  assumptions  'have  been  made,  which  extend  to 
the  motion  of  the  gases  m  the  bore  of  the  conical  barrel. 

The  gas  velocity  in  various  cross  sections  varies  in  accordance 
with  a  linear  law  from  the  chamber  bottom  to  the  bottom  of  the  pro¬ 
jectile;  the  mass  of  the  gases  is  uniformly  distributed  in  the  space, 

/ 

but  what  takes  part  in  the  motion  is  not  the  entire  gas  mass  but  only 
that  which  has  a  cross  section  s  equal  to  the  current  cross  section 
of  the  conical  bore  or  to  the  cross  section  of  the  cylindrical  bore. 

The  internal  friction  of  the  gases  and  their  friction  against  the 
walls  of  the  bore  are  neglected. 

Let  the  chamber  o'  the  conical  bore  have  a  widening  characterized 
by  the  quantity  X "  /,//..„>  and  *et  the  conical  bore  itself  be  charac- 
terized  by  the  ratio  of  diameters  d^/  d^  -  y^  for  the  muzzle  face  and 
d/ d©  -  y  for  the  current  position  of  the  projectile  after  the  latter 
has  traversed  the  path  l , 

The  relative  weight  of  the  gases  taking  part  in  the  motion 

(upon  the  displacement  of  which  the  work  bv  -  is  expended),  stated 

*  q 

as  a  fraction  of  the  total  weight  of  the  charge  u>,  is  expressed  by 
the  following  formula: 


s(  fKy  4  l ) 
Wo  +  K 


S0*0 


(U  sav, 


1  +  A 


s  l  s _ w_ 

s0  *  +  sav .  w0 
1  +  A 
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where  A  - 


W,  *  .  Since: 
0 


.  2  S*v. 

j  i 


1  +  y  +  y 


0 


it  follows  that: 


1  A 

~  4*  — 


(O  M  U>  V 

DB  y 


2  X 


1  +  A 


A  +  - 


A  +  1 


The  work  expended  upon  the  displacement  of  the  cylindrical  column 

of  gas  with  the  cross  section  s  and  weight  w  is  represented  in  the 

Do 

over-all  balance  by  the  component: 

IQ  «  Cj  Cj 

_ DB  _  1  _  DB. 

3  q  3  q  <*> 


Replacement  of  by  the  expression  for  it  gives: 


A  -5-  I 

1  X 

b  -  -  y  - - 

K  3  A  +■  1 


For  the  cylindrical  bore,  y  -  1,  and  we  obtain  the  previously 


derived  formula: 


A  + 


1 

b  -  - 


3  A  +  l' 


Since  for  the  conical  bore  y  <  1,  it  follows  that  b  <  b. 

K 
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Thus,  the  work  expended  upon  the  displacement  of  the  parts  of 
the  charge  is  smaller  in  a  conical  bore  than  m  a  cylindrical  bore 
under  conditions  of  identical  values  for  X,  w  and  A,  the  difference 
between  the  two  continuously  increasing  as  the  projectile  moves  for¬ 
ward  (since,  as  A  increases,  y  in  the  expression  for  b  decreases). 

K 

Examination  of  the  expression  for  b„  shows  that,  at  y  »  1,  A  * 

-  0,  y  -  1,  b^u  -  1,  3,  and  that,  as  A  increases  and  y  decreases,  the 
quantity  decreases. 

11 

At  y  >  1,  the  quantity  b^  starts  out  with  -  —  — ,  then,  as 
A  increases,  it  grows  at  first,  passes  through  a  maximum,  and  there¬ 
upon  continusously  decreases. 

In  this  connection,  the  maximum  b  is  obtained  the  later  the 

& 

larger  y,  and  the  decrease  in  b  proceeds  the  more  rapidly  the 

it 

greater  the  conicity  and  the  smaller Acon  -  *COn  q *  There  is  pre¬ 

sented  below  a  table  of  values  for  the  coefficients  b,.  and  b..  in  a 

K  Kav. 

conical  barrel  at  A  -  6.0  and  V-  1.8. 

con,  A* 


y  -  1.8;  A  -  6.0 

con. 


m 

0 

0.2 

0.4 

0.6 

0.8 

mm 

2 

3 

4 

bK 

0.185 

0.2U5 

0.219 

0.228 

0.235 

0.238 

0.241 

0.227 

0.203 

bK 

av. 

0.185 

0.195 

0.203 

0.210 

0.216 

0.220 

0.231 

0.232 

0.230 

Diagrams  of  curves  for  bv  and  b  .  at  various  y  for  conical 

Kav.  av.  A  • 

and  cylindrical  bores  are  presented  in  fig.  178. 
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Fig.  178  -  Variation  of  Coefficient  b  in  Conical  and 
Cylindrical  Bores. 

Tbe  guidance  of  a  projectile  with  two  skirt  bands  through  a 
conical  bore  differs  considerably  from  the  guidance  of  an  ordinary 
projectile  with  a  copper  rotating  band  through  a  cylindrical  bore. 

In  the  latter,  the  resistance  increases  sharply  as  the  band  cuts 
itself  into  the  rifling  grooves.  After  the  band  has  cut  itself  in 
to  the  full  depth  of  the  rifling  grooves,  the  resistance  drops  sharply, 
and  thereupon,  to  overcome  the  friction  in  the  rifling  grooves,  there 
is  consumed  about  1%  of  the  energy  expended  to  communicate  a  forward 
motion  to  the  projectile  (k  -  about  0.01).  In  this  connection,  the 

v 

friction  due  to  the  radial  force  <t>  is  usually  neglected. 

During  the  motion  of  a  projectile  with  two  guiding  bands  through 
a  conical  bore,  the  cutting  of  the  bands  into  the  rifling  grooves  and 
the  compression  of  progressively  thicker  parts  of  the  bands  must  increase 
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diameter  is  somewhat  greater  than  the  land  diameter  of  the  gun  (d^  - 
-  about  2S.3,  d^  -  2d.u;.-  The  diameter  of  the  body  of  the  projectile, 
d  -  about  19  rum,  is  smaller  than  d^  -  20  rm,  in  order  to  give  a  clear¬ 
ance  for  the  compression  of  the  forward  band: 

«  3  mm;  ^  S  mm. 

The  angle  of  inclination  of  the  generatrix  of  the  cone  ecb  with 
respect  to  the  axis  of  the  projectile  is  o  «  about  30°.  At  the  start 
of  the  motion,  the  projectile,  while  pressing  apart  the  rolled-up  part 
of  the  cartridge  with  its  forward  band,  moves  through  the  35-mm  long 
smooth  cylindrical  part  of  the  bore,  and  only  then  cuts  itself  into 
the  rifled  conical  part.  The  gases  act  upon  the  inner  cavity  of  the 
rear  band  and  press  it  toward  the  surface  of  the  bore  along  the  cylin¬ 
drical  part  ab,  whose  surface  at  the  start  of  the  motion  is; 


*dubo' 


As  they  cut  themselves  into  the  conical  part  of  the  bore,  both 
bands  are  compressed  and  elongated  toward  the  rear.  After  ejection 
of  the  projectile,  the  rear  band  has  the  appearance  represented  in 
fig.  180;  its  outer  surface  shows  traces  of  the  rifling  grooves. 


Fig.  180  -  Rear  Band  after  Compression. 
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The  deformation  of  the  outer  surface  of  the  rear  band  and  the 
lav  governing  the  change  in  the  surface  of  contact  can  be  determined 
with  the  aid  of  the  simplified  scheme  represented  in  figs,  181  and 
182. 


Fig,  181  -  Scheme  of  Compression  Fig.  182  -  Scheme  of  Deformation 
of  Rear  Band.  of  Rear  Band. 

The  fundamental  assumption  made  as  a  result  of  measuring  the  bands 

before  and  after  the  shot  is  that  the  length  of  the  generatrix  of  the 

band  always  remains  the  same,  i.e.: 

-  eeba  «  ecb  a  * . 

The  deformation  of  the  surface  of  contact  consists  in  the  trans¬ 
formation  of  the  initial  cylindrical  surface  of  diameter  into  a 
cylindrical  surface  of  diameter  d.  The  slight  conicity  is  neglected, 
and  the  surface  of  contact  is  considered  to  be  cylindrical: 

Sn  -  ndCa'b*  +  b'c). 

But: 


2  sin  a  2  sin  a 


since  the  difference  between  the  diameters  dQ  and  d q  does  not  exceed  1%. 
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Mak 


ltig  use  of  the  previously  derived  designation  y  -  d,  dy,  and 


7T  2 

taking  into  account  that  s,*  -  —  dM,  we  have; 

u  ^  u 


7ld0y  (  b0  + 


do  -  d\ 

.2 

ltd 

‘•lb 

0 

_ _  4. 

2(1  - 

y) 

2  sin  a  j 

—  y 

4 

.  do 

sin 

a 

“  V 


4b 


0 


0 


sin  a 


sin  a 


-  s 


\(4bo  . 

2  \ 

1 

•s 

2 

i 

"Tj 

0  1 

H 

sin  a J 

y 

sin  a 

P 

current 

value 

for 

the  cross  section  of  the 

conical  bore. 

Consequently,  the  bracketed  expression  represents  the  ratio  of 
the  surface  of  the  band  pressed  against  the  surface  of  the  conical 
bore  to  the  cross  section  of  this  bore.  Since  y  diminishes  all  the 
time,  sn  /s  continuously  increases. 

As  the  projectile  moves  through  the  conical  bore,  there  will  be 
developed  the  following  frictional  force: 


RT  “  ^  VlSnPCH' 


where  ^  <  1,  since,  as  a  result  of  the  rigidity  of  the  metal,  the 
pressure  p  is  Incompletely  transmitted  to  the  frictional  surface. 
Moreover,  the  pressure  p  acts  upon  a  surface  which  is  smaller  than 
,  especially  at  the  end  of  compression  of  the  band  (cf.  scheme 
in  fig.  182,  where  the  pressure  is  not  transmitted  to  the  segment- ec ') . 
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The  work  required  to  overcome  this  force  is: 
t  % 

t  l 

fV''  -  ?V1  $SnPCHdL 

0  0 

Replacing  in  accordance  with  the  formula  presented  above,  we  obtain 


but  sdl  -  dW,  and  £  p  dW  "  about 

CH  2 

Upon  taking  the  bracketed  expression  outside  the  integral  sign 
in  the  form  of  an  average  value,  we  obtain: 


|  RTd/  - 
0 


Consequently, 


the  relative  work  expended  to  overcome  friction  is: 


A 


0 
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wc  obtain  after 


Upon  introducing  ?  new  variable  t  -  1 
certain  transfart  at iork; 


'eon  , 


I  \  .3  1_- _  y' 

y  /  av .  2  ^ 


At  b^/d^  “  0.1,  G  «  30°,  ^  “  0.10,  we  obtain  the  following 

table  of  values  of  (1/ y)  and  k"  (TabLe  5). 

*v .  3 


con . 


Table  5  / 


0  0.10  0.20  0.30  0.40  0.50  0.60  0.70 


1.017  1.037  1.059  1.082  1.110  1.143  1.183 


0.040  0.9445  0.0563  0.0658  0.0762  0.0884  0.1028  0.1204 


The  numbers  presented  in  the  table  show  that  the  coefficient  k  , 

3 

in  varying  from  0.04  to  0.12,  considerably  exceeds  in  value  the 

coefficient  k  in  the  cylindrical  barrel  (k  -  about  0.01). 

3  3 

But,  in  the  expression  for  k",  no  account  is  taken  of  the  work 
expended  upon  the  deformation  of  the  bands  and  upon  overcoming  the 
resisting  forces  developing  on  the  surface  of  contact  between  the 
bands  and  the  bore. 

To  obtain  more  accurate  data  on  the  forces  and  energies  expended 
during  the  drawing  of  a  projectile  through  a  conical  bore,  there  were 
conducted  in  1943-1945  tests  on  pressing  projectiles  for  the  28/20  gun 
through  dies  of  various  conicities,  the  purpose  being  subsequently  to 
compute  the  forces  and  energies  required  to  press  similar  projectiles 
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through  the  barrel  of  the  28  20  gun. 

In  order  to  segregate  the  influence  of  each  bund,  the  forward 
band  war*  reduced  in  diameter  (on  a  lathe)  on  one  set  of  projectiles, 
so  that  only  the  rear  band  remained  in  operation,  while  the  rear 
band  was  reduced  on  another  set  of  projectiles,  so  that  only  the 
forward  band  remained  in  operation;  a  third  set  of  projectiles  was 
pressed  through  with  both  bands  intact. 

The  dies,  28  mrc  and  20  eh  in  diameter,  differed  in  length  and 
in  their  angles  of  conicity  9  (tan  9  -  0.040,  0.025,  and  0.020). 

The  pressing  through  the  dies  was  performed  statically  in  an 
Amsler  press  with  the  aid  of  a  rod  which  transmitted  the  pressure 
from  the  press  to  the  bottom  of  the  projectile. 

The  tests  revealed  the  following  relations: 

1)  In  the  presence  of  only  one  band  -  either  the  forward  or 
the  rear  band  -  the  force  diagrams  have  the  appearance  represented  in 
fig.  183,  where  (1)  is  the  projectile  with  the  forward  band  and  (2) 
is  the  projectile  with  the  rear  band: 

fl  _  «  2n 

max  2  max  1 

Since  the  rear  band  is  considerably  thicker  and  more  massive  than 
the  forward  band,  its  entire  force  curve  lies  higher  than  the  curve 
for  the  forward  band. 
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Fig.  183  -  Scheme  of  Forces  in  Compressing  Individual  Bands. 

Ordinate:  fl,  kg. 

2)  In  the  presence  of  both  bands,  one  of  which  is  displaced 
with  respect  to  the  other  by  a  certain  distance,  the  force  diagram  has 
the  appearance  represented  in  fig.  184. 


Fig.  184  -  Summation  of  Forces  in  Compressing  Both  Bands. 

The  initial  segment  of  the  curve  corresponds  to  the  compression 
of  only  the  forward  band  (while  the  rear  band  is  still  moving  through 
the  cylindrical  ‘part  of  the  die);  at  the  point  a,  the  force  fl  begins 
to  be  added  to  the  force  H, ,  and  the  (1  curve  is  obtained  by  adding 
together  the  ordinates  of  the  curves  for  and  f]0,  which  are  shifted 
with  respect  to  each  other  by  the  distance  between  the  bands. 

The  results  of  the  pressing  tests  are  summarized  in  Table  6. 
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Die  no. 

tan  3 

! 

Length  o£ 
j  conical 
|  pa  r  t ,  mm 

n  lor  tiol- 

max  .... 

! 

li-r 

'  >>  <.  ’  ; 
r?  -«r  band 

n  ,  for 

‘sax  1 

forward  band 

•V  **•' 

kp 

1 

0,040 

100 

3500 

2o20 

1350 

1-180,  100 

2 

| 

0.025 

160 

3250 

i 

2350 

1180 

1980/133 

3 

0.020 

200 

31U0 

2250 

1100 

.  ...  _ i 

2520/170 

In  all  three  cases,  the  ccmcity  exerts  a  slight  effect  upon  the 
magnitude  of  fl  as  the  comcity  changes  by  a  factor  of  two  (from  the 

first  to  the  third  case),  {1  changes  by  only  400  kg  for  both  bands 

KctX 

(equivalent  to  11.5%)  and  by  only  250  kg  for  the  forward  band  (equivalent 
to  12.3%). 

3)  The  area  of  the  j  fid!  diagram,  where  is  the  length  of  the 

0 

conical  segment  of  the  die.  defines  the  magnitude  of  the  work  expended 
upon  pressing  the  projectile  through  the  die  (fig.  185). 


L- _ _ _ _ _ - _ _ _ J 

Fig.  185  -  Forces  as  Functions  of  Angle  of  Slope  of  Cone. 

The  work  is  substantially  dependent  upon  the  path  traversed  by  the 
projectile.  It  is  least  in  the  shortest  die,  so  that: 

S 
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,(1)  ,(2>  ,(3> 

•  *  i 

M  M  ¥ 

j  ndi  <  j  -rid:  v.  ^  n  1/ . 

0  0  0 

To  take  into  account  the*  work  necessary  to  press  the  projectile 

through  the  conical  bore  of  the  gun  itself,  the  force  diagram  lor  the 

die,  0  -  f  (l),  must  be  transformed  into  a  force  diagram  applicable 

M  M 

to  the  operation  of  pressing  through  the  barrel,  fl  %  ’=*  f  (I). 

c  c 

5.  DERIVATION  OF  FORMULA  FOR  RECOMPUTATION  OF  PRESSING 
FORCES  FROM  DIE  TO  BARREL 


Fig.  186  -  Scheme  of  Forces  During  Passage  of  Projectile. 

.  As  the  projectile  is  pressed  through  a  die  or  a  barrel,  it  is 
acted  upon  by  the  following  forces  (Fig.  186): 

1)  The  force  of  the  press  0 .  which  is  directed  along  the  axis 
of  the  projectile. 

2)  The  reaction  force  n'  perpendicular  to  the  conical  surface, 
vhich  is  uniformly  distributed  over  the  variable  surface  of  contact 
of  the  forward  band. 

3)  The  analogous  force  N"  on  the  rear  band. 

4)  The  frictional  force  v^N*  on  the  forward  band. 

(*)  Derivation  performed  by  Engineer  Shpigelburd. 
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— The  frictional  force  v- ft"  on  the  rear  band; 

Upon  resolving  the  reaction  forces  N  andvN  into  their  components 
parallel  and  perpendicular  to  the  axis  of  the  bore  and  of  the  projectile, 
we  find  that  the  ^projectile  is  acted  upon  in  the  axial  direction  by  the 
following  three  forces: 

11,  (N*  +  N”)sin  3,  (n’  .+  H ")v  cos  3; 

l  ■ 

and  that  the  following  twd  forces  act  in  the  radial  direction: 

i 

/' 

(N  +  n'  )cos  (N*  +  n'*)v‘  sin  3. 

l1 

For  the  static  pressing  of  the  projectile  through  the  die,  the 
equilibrium  conditions  for  the  forces  in  the  axial  direction  will  give 

0  ff 

the  following  equation  (designating  N  -*■  N  -  K): 

II  -  K(sin  3  +  V,  cos  3).  (53) 

The  radial  forces  compressing  each  band: 

. . N*(cos  3  -  sin  3)-  and  $  «  N  "(cos  3  -  sin  3) 

cause  the  bands  to  undergo  plastic  deformation. 

In  transferring  the  pressing-force  diagram  from  the  die  to  the 
barrel,  we  make  the  assumption  that  identical  radial  forces  act  in 
similar  cross  sections  of  the  die  and  of  the  barrel  which  correspond- 
to  one  and  the  same  diameter. 

In  such  a  case,  for  similar  cross  sections  of  the  barrel  and  of 
the  die,  we  can  write,  the  following  equation  of  radial  forces  (the 
subscript  "M"  indicating  the  die,  and  ' the  subscript  "c"  indicating, 
the  barrel): 
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N  (cos  3  ~  v  sin  3  >  f  N  (cos  3  -  V-  sin  3  ).  (54) 

H  y  m  c  c  lc  c 


On  the  basis  of  formula  (53) ,  we  have: 


n..  -  N..  (Sin  +  VM  cos  &y)  ;  Flc  *  N*c  (sin  3^  +  V»e  cos  3r>, 


M  M 


M  M 


c  c 


from  which: 


"a  sc  *  yc cos  3c 
nM  *»'M  sin  +  vM  cos 


Upon  replacing  the  ratio  K^/.N,  as  indicated  in  expression  (54),  we 
obtain:. 


cos  3  -  v  sin  3  sin  3;  +  v  cos  3 

n  .  n  _M— * - -* - 5 - 5 - 5 

c  *  cos  3.  -  sin  3^  sin  3„  +  v'  cos  3U 


c  c 


M  M 


tan  3m  cot  3y  -  vy  tan>  3fi  + 
tan  3r  cot  3C  -  tan  3M  +  vu 


(55) 


Since: 


cot  3U  »  vu  and  cot  3.  »  v„  , 


then,  assuming: 


tan  3  cot  3^  - 
tan  3rcot  3r  -  vr 


-  1, 


We  can  reduce  formula  (55)  to  the  following  simpler  form: 


tan  3C  +  v 

nc  -  nM - - - - 

tan  3k  +  VM 


(56) 
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Applying  formula  (56)  to  two  dies  of  different  conieities,, 
assuming  vu  to  be  the  same,  and  knowing  H,  and  f]„  from  the  pressing 
diagram  obtained  with  the  aid  of  the  press,  there  was  obtained  - 
«  0.16,  which  corresponds  to  the  data  accepted  in  technology,  this 
demonstrates  the  correctness  of  the  initial  assumptions. 

Formula-  (56)  serves  for  recomputation  of  the  forces  required1  to 
press  the  projectile  through  the  barrel. 

Since  the  bore  of  the  28/20  gun  consists  of  segments  of  different 
conicities,  it  follows  that,  in  those  places  where  the  conicity  changes, 
the  rear  band  of  the  projectile  will  be  on  one  segment,  and  its  forward 
band  will  be  on  the  other.  For  this  reason,  it  is  necessary  to  use 
formula  (56)  in  such  a  manner  as  'to.  transform  from  the  die  to  the 
barrel  the  fl  -  l  diagrams  for  each  band  separately,  whereupon  the  diagrams, 
are  added  together. 

During  rapid  motion  of  the  projectile  through  the  bore,  the 
coefficient  of  friction  decreases  in  conformity  with  the  following 


formula: 


v  -  v 


1  +  axw 

°  1  +  a2V' 


where  a^  <  ag¬ 


in  accordance  with  the  data  of  M.M.  Shlyaposhnikov,  -  0.27, 
a^  •  0.0213,  a^  •  0.133.  In  accordance  with  the  data  of  Robinson  /~37, 
v  is  close  to  0.05  at  v  >  200  m/sec. 


Assuming  v  to  have  an  average  value  (0.1  or  less),  we  can  use 
c 

formula  (56)  to  obtain  the  forces  involved  in  pressing  the  projectile 
through  the  barrel. 

For  the  28/20  gun,  which  comprises  three  segments  of  different 
conicities,  there  is  obtained  at  v  «  0.10  the  fl“  f (l)  force 
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Fig.  187  -  Resistance  to  Drawing  through~28/ 20  Barrel. 

\y  cylindrical  bore;  2)  conical  bore 
of  28/20  antitank  gun;  3)  profile  of 
28/20  antitank  gun  bore. 

Computation  of  the  work  involved  in  static  pressing  through  the 

bore  at  v  -  0.10  gave  the  value  of  A  ■  1320  kg»m,  which  constitutes 
© 

about  10%  of  vthe  muzzle  energy  of  the  projectile.  At  existing  coni- 
cities,  Jlldf  depends  in  considerably  greater  measure  upon  the  coef¬ 
ficient  of  friction  v  than  upon  tnn  (J. 

As  is  seen  from  the  results  of  the  computation-,  this  value  is 
considerably  greater  than  the  work  required,  to  overcome  friction  in 
a  cylindrical  barrel,  where  k^,  -  about  0.01,  or  approximately  1%. 

The  coefficient  for  the  conical  barrel  can  thus  be  represented’ 
in  the  following  form: 


Here,  k^  is  the  relative  work  consumed  in  rotating  the  projectile, 
k2  ia  about  0.01; 
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T  > 

ko  Is  the  relative  work  consumed  in  overcoming  friction  on  the 
driving  edges  of  the  two  bands,  -  about  0. 02; 

* 

(K) 

k~  is  the  relative  work  consumed  in  overcoming  the  resistance* 
forces  due  to  the  friction  of  the  bands  against  the  surface 
of  the  bore  and  by  the  deformation 


of  the  bands. 


t 


2 


0.10; 


kg  is  the  relative  work  consumed  in  Overcoming  the  additional 
friction  caused  by  the  pressing  of  the  rear  band  against 
the  surface  of  the  bore  under'  the  action  of  the  gas  pressure, 
k£  -  0.04-0.08; 

k-«  o.oi 

k_  is  the  relative  work  consumed  by  the  recoil^ - _ - - 

5  rkA  -  0.18-0.22 

Thus: 

A  Vl 

1  1c 

ar  -  1.20;  bv  -  —  y  — rr —  »  0.22. 

Kav.  ^  3  A+  1 


For  Cylindrical  Bore: 


For  charge  - 

q 


<f> «  1.03  +  i  -  -  1.363. 
3  q 


For  charge  - 

q 


<J>  -  1.03  +  i  -  ■  1.53. 
3  2 


For  Conical  Bore: 

* 

-  1 

-  1.20  +  0.222  ^  -  1.422; 

a  • - q. 

1.5 

«fK  -  1.20  +  0.333  -  1.533; 
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' "  .  K  V>  *  , 


For  charge  -  -  2,0 

q 


<f  -  1.03  +  *  1.7,0; 

3 


1.20  +  0.444  -  1.644. 


Consequently,  for  the  charge  to/ q  -  1.5  (which  corresponds  to  vp  * 
•  about  1500  o/sec),  the  identical  coefficients  to  and  cp  are  obtained 

A 

for  the  cylindrical  and  conical  bores,  even  though  the  components  a 


and  b  —  differ; 

q 


>  a,  b„  <  b. 


At  smaller  relative  charges  <*>/q,  the  coefficient  <o  for  the  conical 
barrel  is  greater  than  for  the  cylindrical  barrel.  At  —  >  1.5,  at 

q 

projectile  velocities  v^  >  1500  m/sec,  ,  aud  the  conical  bore 

is  found  to  be  nore  advantageous,  since,  at  a  large  relative  charge, 
the  decrease  in  the  coefficient  -  is  r.ore  pronounced. 

q 

At  very  high  initial  projectile  velocities,  higher  than  1500  m/sec, 
the  barrel  with  the  conical  bore  is  nore  advantageous  not  only  because 
it  considerably  reduces  the  length  of  the  bore,  but  also  because  it 
reduces  the  quantity  of  work  consumed  in  moving  the  gases  in  the  nar¬ 
rowing  bore  [term  b^  —  Y  . 

^  t  /V  \ 

If  the  values  for  the  coefficients  and  k'  are  not  averaged 
and  the  problem  is  solved  for  variable  magnitudes  of  the  resistance, 
forces,  the  following  system  of  equations  is  obtained: 

1)  Equation  of  motion: 


m  dV 

sp  -tvsp  -  n  ■  ii  — • 

*CH  1  n  CH' .  11  T1  dt 
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2)  Equation  of  work  or  equation  of  transformation  of  energy: 


t  t 

p(W^  +  »  -  fua-  -  -  (f  aiv2  -  0  i  Rdf  -  ?  $  vis«Pd‘  •  (b) 

T  2  *  0  0  »» 

3)  Law  of  burning  rate: 

(c) 


(d) 


<e> 

C 

The  coefficient  <p3  takes  into  account  the  work  of  the  resistance 
forces  on  the  driving  edges  of  the  rifling  grooves  and  the  work  con¬ 
sumed  in  rotating  the  projectile.  It  is  possible  to  assume  that  - 
•  about  1.02.  The  coefficient  takes  into  account  all  the  usual 
forms  of  work,  except  for  the  work  accounted  for  separately  by  the 
last  '  terms  in  equation  (b): 


where: 


<f  -  1  +  k  +  k’  +  k  +  k_  1.03  +  b 


A  +  1 
.  1  X 

b  -  -  y  - 

X  3  A  +  1 


y 
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The  system  represented  by  these  equations  is  solved  by  the  method 
of  resolution  into  .a  Taylor  ’s  series,  accompanied  by  the  use  of  a 

£n  ,  bK  and 

g  upon  *  or  A  and  the  relation  hetweon  and  the  velocity  of  the 
projectile. 

For  verifying  the  correctness  of  the  relations  derived  above  by 

taking  into  account  the  various  forms  of  secondary  work,  it  is  expedient 

to  utilize  the  above  system  of  equations  (a-e)  at  very  small  charges, 

using  a  very  rapid-burning  powder. 

In  this  case,  which  is  close  to  the  case  of  instantaneous  burning 

of  the  powder,  equations  (c)  and  (d)  are  eliminated,  the  coefficient 

<f2  is  close  to  being  constant  because  of  the  smallness  of  cj/q,  and  the 

retarding  forces  R  •  ?VS  p_„  and  [1  acquire  predominant  importance  and 

1  n  CH 

can  more  easily  be  taken  into  account. 

If  equation  (a)  is  written  in  the  following  fora: 


series  of  diagrams  .expressing  the  dependence  of  fl,  ffidl 


sp 


CH 


l  -  $  V 


n 


s 


n 

SPCH 


dv 

dt 


it  becomes  possible  to  select  values  of  A  and  p  at  which  the  bracketed 

On 

expression  will  be  very  small,  and  may  in  a  certain  instant  even  become 
less  than  zero;  the  projectile  will  be  retarded  to  such  an  extent  that 
it  will  stop  without  emerging  from  the  bore. 


F-TS-7327-RE 


\ 


1010 


CHAPTER  2  -  METHOD  OF  SOLUT: ION  OF  PROBLEM  OF,  INTERIOR  BALLISTICS 
The  fundamental  assumptions  are  the  same  as  in  solving  the 
problem  for  the  usual  cylindrical  barrel:  instantaneous  ignition, 
geometric  law  of.  burning  of  the  powder,  law;  of  rate  of  burning 
u  •  u^p,  instantaneous  cutting  of  the  band  into  the  rifting  grooves 
at  the  pressure  Pq  to  overcome  the  inertia  of  the  projectile;  'in- 
changing  gas  composition  during  expansion. 

The  fundamental  distinction  is  the  variable  cross  section  of 


the  bore. 


Fundamental  Relations 


Equation  of  motion: 


dv 

fMmSP 


Law  of  rate  of  burning: 


de 

u  -  --  -  ulP 


Equation  of  elementary  work: 

<fmvdv  «  psdl  -  pdW 
Equation  of  transformation  of  energy: 


where: 


pdf*  +  w)  -  fu»^  -  -  <fmv' 


*o  1  -  J  -  A 


(59) 


H 


is  the  free  volume  of  the  chamber  in  the  instant  when  the  fraction  of 
the  charge  has  burned. 

* 

From  (57)  and  (58),  we  have,  as  usual:  sde  -  u^cfmdv,  or: 


*)  <p-  a^  +  bg  —  in  accordance  with  the  formulas  in  the  preceding 

chapter. 


F-TS-7327-RE 


ion 


-  ~  4 
. -  h  *  \  ■  I 


CfUl  U^' ' 


tpm  uv» 


whore : 


x 


C1 


x  is  the  relative  thickness  of  the  powder  burnt  since  the  start  o X 
motion  of  the  projectile;  is  the  thickness  of  the  powder  burnt  in 
the  instant  of  the  start  of'  motion;  z^  is  the  relative  powder  thick¬ 
ness;  and  is  the  fraction  of  the  charge  =burnt  prior  to  the  same 
instant  of  time. 

We  introduce  into  equation  (61)  the  relative  quanti”/-^—: 

S0 


dv 


S0XK  s 
___  — -dx 
*f m  s0 


(62) 


The  fundamental  difficulty  in  solving  the  system  of  equations  • 

for  the  conical  barrel  consists  in  the- fact  that  the  connection 
s  ■ 

between  —  and  v  or  x  is  ^ot  known  in  advance;  it  will  be  established 
s0 

later. 


This  makes  it  impossible  to  integrate  equation  (61). 

We  propose  taking  this  connection  from  the  solution  of  the  pro¬ 
blem  for  the  cylindrical  barrel,  where  we  obtain  a  connection  between 
v  and  W  or: 


From  the  fundamental  assumption  that,  under  identical  loading 


conditions  for  the  conical  and  cylindrical  barrels,  the  v-A  curves 


for  both  coincide,  we  obtain  the  relation  between 


s 

sH 


0 


and  W  or  A • 


Since  the  quantity  A  will  subsequently  be  the  argument,  the  ratio 
£ 

—  will  be  known  in  accordance  with  it,  and  the  equation  can  be 
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we  obtain: 


The  analogous  equation  for  a  cylindrical  barrel  of  caliber 
has  the  following  form: 


dA  _  BOxUdxU  _ 
Ay+A  +  kixu-  * 


(67) 


where : 


V  . 

B1  "  2 


and  Bn  is  the  same  as  above: 

u  2  2 

s0!K 

Bn  "  - -  • 

0  fw<#m 

Comparison  of  expressions  (66)  and  (67)  shows  that  the  para¬ 
meters  Bq  and  Bj,  which  are  constant  for  the  cylindrical  barrel, 
become  in  equation  (66)  for  the  conical  barrel  variable  and  dependent 
upon  the  variation  in  the  cross  section  of  the  barrel. 

V  S  - 

But  the  product  - -  in  the  numerator  of  formula  (66)  is  a 

s0  S0 

function  Of  A  and  can  be  transferred  to  the  left-hand  side  during 
integration,  while  the  last  term  in  the  denominator  is  relatively 
small  in  comparison  with  the  sum  of  the  first  two,  and  the  variable 
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/  s  \2 

quantity  (  av»  j  therein  may  be  assumed  to  equal  an  average  value, 

\  s0  I 

either  one  and  the  same  for  the  entire  interval  of  integration  or 
different  depending  upon  the  quantity  x. 

In  this  case,  equation  (66)  can  be  integrated,  and  the  relation 
between  A  and  x  can  be  obtained  in  its  final  form. 

On  the  basis  of  the  above  discussion: 


s 


av 
s 


y; 


sav.  s  3.  A 

- -  at  y  «  1  -  - - 

s0  S0  Acon. 


f  (A) . 


Separating  the  variables,  we  obtain: 


(68) 

The  right-hand  side  of  equation  (68)  shows  no  external  differ¬ 
ences  from  the  right-hand  side  of  a  similar  equation  for  the  cylin¬ 
drical  barrel  and  represents  a  differential  of  the  function  of 


Professor  N.  F.  Drozdov  (in  which  connection,  during  integration, 

®la  Bus*  be  takeQ  as  aa  average  value  over  the  given  interval  of 


integration) : 


»  * 
—  f 

*ls  J 


*2  ~  —lx  -  7°. 

Bis  ®ls 


-  mzx  , 


This  function  is  found  from  the  basic  quantities: 

v  ^ls+O  ®ls 

y  — =—  ,  p  -  -T-*. 


the  magnitude  of  either  varied  in  moving  from  one  value  of  x  to 
another  or(else  being  retained  constant  for  the  entire  first  period. 
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The  left-hand  side  of  equation  (68)  is  likewise  capable  of 

integration  at  A  **-Aya^v,  in  which  connection  A^av  may  likewise 

be  taken  either  constant  for  all  values  oS  or  else,  which  is 

better,  its  own  value  is  taken  each  time  for  each  value  o f  y  - 

-  +  kjx  +KXx  used  (as  is  commonly  done  to  obtain  a  more  exact 

*  / 
solution  at  an  average/^).  We  resolve  the  function  under  the 

integral  on  the  left-hand  side  of  equation  (68)  into  the  simplest 

fractions : 


con. 


(A+flV  +A)  1  -  Jr*— 

“av.  \  ^con. 


<*■*„*»>  '“con'*  A+»v.+  A  Acoo."  A' 


A  -  _  -  aA„rt„  -  a  A  +  biW.  „  +  bA. 

con.  con.  iav.,‘ 


To  determine  a  and  b,  we  have  two  equations: 


aA.  +  "A  and  a  -  b  -  0, 

con.  Tav.  con. 


from  which: 


a  -  b  and  a  +  b 


Ayl/ 

a —  -  i; 

con. 


Consequently : 


»  -  b  - 


't'av.  J^con. 


A  dA 
con* 


(A^  +A)  (a  -  A)  A  +  A \i>  I  Ao»  +  A  A  —  A 

Tav*  con.  con.  Tav.  1  ^av.  con.  /x 


kcon. 


Acon.  +^av. 


Acon.  "A 


By  integrating  equation  (68)  between  the  limits  from  zero  to  A 
and  from  zero  to  x,  we  obtain: 
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seS8££i:  '?n;  *  *■«  ■  -  .1’  .’^n*  ^ 


A  v  _ _  co»- _ 

.~/i  -  \  a  -  +  A* 

'S*.  \  con-  av- 


‘con. 


or,  introducing  the  designation: 


“  et: 


(69) 


B0  ! .  A*av. 


•  V  * 


*  Air» 


‘con. 


(70) 


By  solving  equation  (69)  with  respect  to  A,  we  obtain: 


At  *Aaj 
“av. 


Z~  ak  -  1 
X*av.  -A  if 

+  Zz  K 

"con. 


(71) 


For  the  cylindrical  barrel,  we  had: 


AU“Atav. 


Zx  BX  -  1 


where : 


(72) 


BO  . 

B1  "  ~2  “  *X‘ 

The  numerator  of  formula  (71)  for  the  conical  barrel  has  the 


same  form,  with  the  sole  difference  that  the  exponent  is  replaced 

B1 

by  the  exponent:  /  \ 


A„  - 


_!0  L  f  ^^av . 


K  Bi  B  r  a _  ’ 


con. 
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,o'  $•* 


i’hore : 


BO 

T 


-  kX. 


is  not  constant,  but  varies  depending  upon  the  variation  in  the 
cross  section  of  the  bore.  Moreover,  there  is  present  a  denominator 
greater  than  unity,  which  increases  as  the  powder  burns  during  the 
motion  of  the  projectile  through  the  conical  barrel. 

f 

Thus,  formula  (70)  reflects  the  influence  of  the  variable  cross 
section  of  the  bore  and  of  those  specific  features  which  make  their 
appearance  as  the  projectile  moves  through  the  conical  barrel. 

The  formula  for  the  pressure  will  have  the  following  form: 


p  -  f  A  — - -  -  f  A 

A++A 


%  4  V  -  Bls*‘ 

A^,+  A 


(73) 


i.e.,  its  structure  does  cot  differ  from  that  of  the  formula  for  the; 

cylindrical  barrel.  Since,  for  definite  values  of  x  or  v$>,  the 

velocity  v  <  v  ,  A  <  A  for  the  conical  barrel,  the  pressure  in  the 
M  It 

conical  bore  exceeds  that  in.  the  cylindrical  barrel  (p  >  p^) . 

Formula  (73)  can  be  written  in  the  following  form: 

BnG  \s  \2 
■  ’2 

p  _  fA - -  (74) 

At+  A 

By  differentiating  it  with  respect  to  x  and  equating  the 
derivative  to  xero,  we  obtain  a  formula  for  x^  at  which  the  gas 
pressure  reaches  its  maximum. 

Without  presenting  a  detailed  derivation,  we  shall  write  down 
the  formula  in  its  final  form: 
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At  s  -  const. this  formula  becomes  transformed  into  the  usual  for¬ 
mula  for  the  cylindrical  bore. 


The  appearance  of  the  p  -  A  and  v  -  A  curves  is  represented 
in  Fig.  188. 


Fig.  188  -  p  -A  and  v  -  A  Curves  in  Conical  and  Cylindrical  Bores. 

1’)  v  -  A  Curve}  in  &un  with  cylindrical  bore 

oK  P  ^urve|  in  gun  with  conical  bore 

2’)  v  -  A  Curve]  * 

In  the  method  described  above,  there  was  accepted  and  utilized 
the  proposition  that  the  v  -  A  curves  in  the  conical  and  cylindrical 
barrels  coincide.  In  this  connection,  the  quantity  x  -  z  -  zQ  was 
taken  as  the  argument.  But  if  the  quantity  A  is  taken  as  the  argu¬ 
ment,  the  same  formulas  can  be  used  as  a  basis  to  give  a  diffex*ent 
order  of  computation  of  the  elements  of  the  curves,  which  has  been 
proposed  by  I.  M.  Belenky.  Knowing  and  assigning  the  quantity 
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CRAPmc  NOT  REPRODUCIBLE 


and  assuming  in  the 


& 


s  s».  v 

and  the  corresponding  values  of  *<r~  and  -i— *  and  assuming  in  the 

'  -  0  '  "  Sq.  0 

first  approximation’  for  the  computation  of  Ayav  the  value  ^  "  3. 

'Vo  +  1 


and  y 


av. 


'  5T 


,  it  is  possible  to  compute  the  function: 


1  + 


log  Z 


-1 


rK 


av; 


(75) 


1  - 


■con. 


where : 


*0 

B 


1  + 


av. 


Is 


'con. 


and  B 


Is 


-  xX. 


.-1 


/ 


Thereupon,  from  the  table  of  the  function  log  Z'x  and  the 

Br  ,  B. 

quantity  Y  -  -  ~  ^  q,  there  are  found  the  values  of  £  -  — x,  from 

■  k2  k. 

k  1 

which  x  -  ...X-.-fl 

Since  A^av  enters  into  the  first  part  of  formula  (75),  while 
is  not  known  in  advance,  it  becomes  necessary  in  the  initial  com¬ 
putations  to  accept  an  average  value  of  y-  which  is  correct  only 
for  the  end  of  burning  of  the  powder  and  introduces  an  error  in 
determining  the  elements  of  the  intermediate  points  of  the  first 
period.  For  these  points,  the  pressure  is  obtained  higher  than  is 
actually  the  case.  It  is  necessary  to  proceed  for  these  points  by 
the  method  of  successive  approximations,  the  number  of  approximations 


being  reducible. to  two  if  we  assume  y  -( 


1 2/3 


,  where  ~  is 

w0 


the  relative  volume  of  the  bore  in  the  instant  of  the  end  of  burning 

* 

of  the  powder,  and  A  «  =—  is  the  current  value  of  the  relative  volume. 

0 

The  character  of  the  variation  of  A^,  and  A^av  and  their  influ¬ 
ence  upon  the  magnitude  of  the  pressure  are  apparent  from-  the  diagram 
in  Fig.  189.  ^ 
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Fig.  189  -  Depe  „dc,nce  of  upon  A  in  Conical  tore. 

1)  at;  2)  period. 


The  actual  values  o!A*,„  vary  as  a  function  of  A  along  a 
certain  curve  ab;  acceptance  of  ^  -  2  f°r  ail  points  of  r.he  first 
period  gives  a  straight  line  parallel  to  the  abscissa. 

The  formulas  for  the  second  period  have  the  usual  form: 


where : 


v  -V  /2s*f  ■ 

np  y  *fKeci 


VK  - 


Vk  SK  av. 


(1  -  ZQ)* 


CHAPTER  3  -  BALLISTIC  DESIGN  OF  CONICAL  BARREL 
Since  conical  guns  will  be  employed  only  for  the  purpose  of 
attaining  very  high  initial  projectile  velocities  under  conditions 
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when  ordinary  guns  have  an  excessive  length,  we  shall  find  in  bur 

design  a  conical  barrel  which  corresponds  to  a  cylindrical,  barrel 

with  the  minimum  bore  volume.  For  this  reason,,  such  a  design  will  be 

based  on  the  procedure  and  auxiliary  tables  presented  in  the  division 

entitled  "Ballistic  Design  of  Guns". 

0n>  the  basis  of  tactical  and  technical  requirements,  let  there 

be  predetermined  the  exit  caliber  the  weight  of  the  projectile  q, 

and  the  initial  projectile  velocity  for  the  conical  barrel. 

q  vd  VD 

Additionally,  we  determine  c^  -  -ij;  ;  and  «  c^D  — .  Since 

c^D  for  armor-piercing  projectiles  may  fluctuate  in  the  range  of 

16-18,  while  the  limit  for  the  minimum  c  ^  based  on  the  entrance 

caliber  equals  6. 0-7.0,  the  possible  values  for  the  ratios  of  the 
entrance  to  the  exit  caliber  lie  within  rather  narrow  limits,  namely: 


_0 

p  “  d  “ 


~  .  .  -  1.32  .  .  .  1.44. 


In  German  guns,  the  accepted  ratios  are  £>  -  1.4  for  the  28/20 
gun  and  (3  -  1.363  for  the  75/55  gun. 


The  ratio: 


\/f.  \^S2-„ 


may  be  recommended. 

After  selecting  the  entrance  caliber  d^  in  such  a  manner  as  to 
obtain  c^q.-  about  6.0,  we  find  the  fundamental  characteristics  of  the 
minimum-volume  cylindrical  gun  at  c^  -  6,0  and  at  the  chosen  values  of 

VD  *nd  V  \ 


"’Iwq  -  85  -  82  tm/kg; 


‘.I  “  aK  +  q  *  *here  &  1.20; 
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b  -  0.222;  v 


-ZB,  „  -  \/X 

tab.D  n  v  <|>  q 


From  tho  GAU  Tables,  we  find: 

AK  *0.  v  lku  jo 

B'  Ak,  Ad,  -  Aq  ;  d  *  o>  do  “ 


d  *  (ad  +  1)5  d 


^  -  V 


Here,  d  -  d^  equals  the  entrance  caliber  of  the  conical  gun. 

On  the  basis  of  these  data,  w»:  jetermine  the  chamber  volume 
,  2 

W0  -  s0I0,  where  sq  -  nsd(j.  The  working  volume  of  the  bore  is 
*D  “  S0^D»  anc*  'this  volume  will  be  equal  to  the  volume  of  the  cone. 

Knowing  the  volume  of  the  truncated  cone  and  the  ratio  of  its 

dn  3 

diameters  y_  -  — **,  we  use  the  formula  W  -  W  (1  -  y  )  to  find  the 

U  (Jq  u  COIl*  D 

volume  of  the  entire  cone  to  its  apex: 


D 


con. 


i  -  y: 


Since  for  the  truncated  cone: 


'D 


.  .  .  .  1  +  id  +  *5  , 

av.D  s0  ~  d  ’ 


ic  follows  that  the  length  of  the  path  of  the  projectile  through  the 
conical  bore  is: 


3W 


D 


s0(l  +  yD  +  yD) 
After  designating: 


and 


tan  &  - 


d0  "  dD 
2 1  ' 


we  find: 


X 


-  I 


KM 


and 


l0 


lkh  “  ^KM  +  ^ 


D 
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mum**  i  £* 


and  finally  the  total  length  of  the  barrel: 


LC'l'  “  LKH  +  2d0 


(2d^  being  reserved  for  the  breechblock). 

Having  assigned  An  -  0.6  and  found  W  -  0.6 W(V  we  determine: 


- 


s  1  +  y 

a  v . m  'b 


We  find 


*K  IK,u  s0 


= — : -  or  the  pressure  impulse  2 — - 

S  K  K.ltO  s 

av.  m  av.  m 


which  ensures  attainment  of  the  predetermined  pressure  p  .  As  is 

B 

shown  by  theory,  the  end  of  burning  will  be  transferred  closer  to 


the  sta 


rt  of  motion  of  the  projectile,  and  "T?-  -  =“  in 

I.,..  '*  "d 


in  the  conical 


"If  *|rii  w 

barrel  will  be  smaller  than  -r\Vt.  -  --  in  the  cylindrical  barrel. 

WD  lD\\ 

To  compute  the  pressure  and,  velocity  curves  for  the  conical 
barrel,  we  first  compute  and  construct  the  v  -  I  or  v  -A  curve  for 
the  cylindrical  barrel  found.  This  is  done  most  simply  with  the  aid 
of*  the  ANII  or  1942  GAU  Tables. 


On  the  oasis  of  the  values  for  v  obtained  in  this  manner,  we 

V  Srt  1  mm 

compute  the  values  of  x.,  -  rr-,  where  v„  -  is  the  velocity  of 

>4  0  u  fm 

the  projectile  at  the  end  of  burning  of  the  powder  in  the  absence  of 
any  pressure  to  overcome  the  inertia  of  the  projectile. 

From  the  values  of  W  corresponding  to  the  values  of  v  taken  from 
the  curve  for  the  cylindrical  barrel,  we  successively  find  the  values 
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'V/$  '< 
V*  %o 


&  i&‘A  ^  -  * 
*}.  l0 


The  velocity  is  obtained  very  close  to  the  predetermined  velocit 
for  the  cylindrical  bore  at  the  same  volumes  and  Wq  and  under  the 
same  loading  conditions  except  for  Ty*.. 

Oh  the  basis  of  the  computed  results  obtained,  there  is,  when¬ 
ever  necessary,  applied  a  correction  in  order  to  obtain  the  required 
initial  projectile  velocity  at  the  predetermined  pressure  p^. 
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graphic:  not  reproducible 


Figs.  116  -  119  -  Spark  Photographs  of  Bullet  in  Flight. 
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varies  in  the  range  of  0,86-1.. 00. 

The  tables  are  compiled  for  every  value  of  9  from  0.86  to  0.97 

P  -  P  b 

at  intervals  of  0.01,  as  related  to  the  ratio  - - r—  varied  from  0 

Pm  ”  PB 

to  1  at  intervals  of  0.001. 

The  arrangement  of  the  tables  is  analogous  to  the  arrangement 


''of  four-place  logarithms. 


USE  OF  TABLES 


To  start  with,  the  experimental  data  are  used  to  compute  the 
basic  quantity  3  in  accordance  with  the  following  formula: 

a  1  -  QA 
a  -  — - . 

1  -! 

If  the  quantities  a  and  S  are  not  known  in  advance,  it  may  be 

approximately  assumed  that  <5  -  1.6  and  a  -  1  for  pyroxylin  powders 

and  0.8  for  nitroglycerol  powders. 

Having  computed  the  basic  quantity  3.,  we  find  the  correspond- 

P  “  Pr 

ing  table  of  vy  as  a  function  of  the  ratio  - ,  which,  for  brevity 

Pn  ~  Pb 

has  been  designated  as  £  in  the  tables: 


P  -  PB 

P«  “  PB 


Having  found  in  the  left-hand  column  of  the  page  the  first  two 
digits  of  the  quantity  {3  (tenths  and  hundredths),  and  taking  from  the 
upper  row  of  the  table  the  number  corresponding  to  the  thousandths  of 
{A  (from  0  to  9),.  we  find  the  quantity  ^  for  the  first  three  digits  of 
at  the  intersection  of  this  column  with  the  row  corresponding  to 
the  first  two  digits  of 

The  change  in  vy  corresponding  to  the  fourth  digit  of  (3  after  the 
decimal  point  is  found  by  interpolating  values  for  ^  between  the 


F-TS- 7327- RE 


1029 
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quantity  found  above  and  the  neighboring  quantity  , on  the  right. 

Having  obtained '‘columns  for  the  values  of  the  time  t  and  pres¬ 
sure  p  by  treatment  of  the  experimenta.1  p-t  curve,  and  knowing  the 
pressure  pfi  developed  by  the  igniter  and  the  maximum  pressure  p^,  we 

compute  for  every  value  of  p  a  column  of  values  of: 

/ 

p»  -  H  * 

where  p  -  pn  will  be  a  constant  for  the  given  experiment.  , 

m  B  // 

Having  computed,  the  ratio  3  for  the  given  experiment,  we  imme-/ 

diately  find  in  the  corresponding  table  the  column  of  values  of  ^ , 

whereupon  we  can  set  up  a  column  for  the  values  of  and  a  column 

An*  . 

for  the  values  of  the  ratio  which  expresses  the  rate  of  gas 

formation  from  the  given  powder  under  the  given  conditions,,  which 
enters  into  the  expression  for  the  experimental  characteristic  of 

the  progressivity  of  burning: 

_  1  Aq* 

r-  - 

p  At 

Example.  Let  there  be  known  from  preliminary  experiments  the 
quantities  a  -  0.97  and  <5-  1.58,  as  well  as  the  loading  density  in 
the  given  experiment  A  -  0.20.  In  this  connection,  there  have  been 
obtained  p  -.40  kg/cm2,  pa  -  2170  kg/cm2. 


Let  us  determine  the  basic  quantity  5  : 
1  -  OA  1  -  ■0.97  -  0.20  1  -  0.194  _ 


0.806 


-  0.9235. 


1  -  * 
1  S 


0.20 

1.58 


1  -  0.1266  0.8734 


We  shall  make  use  of  the  table  corresponding  to  the  nearest  basic 
quantity  3  in  the  tables,  i.e.  d-  0.92  (p.  1044  ). 
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Lei  the  values  for  tht  j.s  os  sure  Sn  any  desired  instants  of  time 


We  find  the 


va lues 


P1  - 

204  and 

p2  “ 

204 

1  i 

I  P 

i 

164 

2170- 

-  40 

2130 

13  SO 

-  40 

1340 

2170 

-  40 

2170 

1380. 

-  0.0770; 

«  0.6292. 


To  determine  the  value  we  find  in  the  left-hand  column  of 

the  table  for  ch~  0.92  the  ratio  0.07;  in  the*  upper  row  we  find  the 
number  7;  and  at  the  intersection  of  these  horizontal  and  vertical 
lines  we  find  the  number  0.0834.  Consequently,  -  0.0834. 

To  determine  corresponding  to  ^  "  0.6292,  we  find  the 
numbers  0.62  in  the  left-hand  column  and  the  number  9  in  the  upper 
row.  The  intersection  of  these  will  give  the  number  0.6483,  which 
corresponds  to  the  value  of  £  »  0.629.  The  next  larger  value,  £  - 
«*  0.630,  is  associated  with  &  -  0.6493.  The  difference  between  this 
and  the  first  value  equals  0.0010;  it  corresponds  to  10  units  of  the 
forth  digit  of  £;  two  units  would  correspond  to  -  0.0002. 

Thus,  we  shall  have: 


£  “ 

0.629 

'V  -  0.6483]  . 

£  « 

0.630 

0.6493J  L'*0010 

A&  - 

0.0002 

0.0002 

V 

0.6292 

0.6483  4  0.0002  "  0.6485 

Since,  as  a  rule,  the  differences  between  two  neighboring 
columns  differ  very  little  from  10,  the  entire  interpolation  is 
easily  carried  out  mentally. 
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•  4^*: 

»  _  r. 

m 

6  "*  O'.  86 

* 

;f'  • 

>\ 

\ 

0.000 

O'.  001  j 

0 . 002' 

0.003 

0.0041 

0.005 

0 . 006 

0 . 007 

0.QO8 

0 . 009 

0.00 

0.000 

0.0012 

0.0024 

0.0036 

J.0U48 

0.0060 

0.0071 

0.0083 

0.0095 

0.0107 

•*  & 

C  V  • 

0.01 

0.0118 

130 

142 

153 

165 

176 

188 

200 

212 

223 

l  ^  £ 

-  c  < 

2 
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246 

257 

269 

280 
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338 

ii  *■ 

3 

349 
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372 

384 

395 

407 

418 

430 
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4  . 

>  \V  • 

4 

464 

476 

487 

499 

510 

522 

533 

w 

556 

563 

' 

f 

'£  t 

« 

0.05 

579 

591 

602 

614 

62  5 

637 

648 

660 

671 

683 

L  *i  * 

0.06 

0694 

706 

717 

729 

740 

751 

762 

774 

785 

797 

'£  >  , 

7 

0808 

820 
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843 

854 

866 
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:; 
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• 

12 

1370 
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1415 
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13 
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*  f 

14 
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1605 

1616 
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1638 
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1672 

1683 

1694 

';  :* 

15 

.  1705 

1716 

1727 

1738 

1749 

1760 

1771 

1782 

1793 

1804 

>  + 

0.16 

1815 

1826 

1837 
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1859 

1870 

1881 
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1903 
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17 

1925 

1936 

1947 
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1969 
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2002 
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18 
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* 
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